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INTRODUCTION 


This paper deals in the main with four diseases of carrot (Daucus 
carota L.), namely, Sclerotinia soft rot (Sclerotinia sclerotiorum (Lib.) 
DBy),’ Rhizopus soft rot (Rhizopus tritici Saito and R. nigricans 
Ehrenb.), bacterial soft rot (Bacillus carotovorus L. R. Jones), and 
Botrytis rot (Botrytis cinerea Pers.). 

No careful survey of the losses occasioned by these diseases in 
commercial storage has heretofore been reported. As judged by 
the reports of various workers and storage men, however, the losses 
are sometimes large, especially in cases of Sclerotinia soft rot and 
bacterial soft rot. Data are presented herein showing the losses 
due to a number of diseases under a variety of storage conditions. 

Some idea of the losses caused by these diseases, incident to the 
shipment of topped carrots to market, may be obtained from Table 
1. The data shown in this table were obtained from market-inspec- 
tion certificates issued by the Bureau of Agricultural Economics, 
United States Department of Agriculture. The inspections upon 
which these certificates were based were made in response to a request 
from one of the parties interested—shippers, carriers, or receivers—- 
and as a result of some question as to condition and grade. The 
certificates represent the total number of cars of topped carrots 
inspected from 1922 to 1927, inclusive. The distances covered in 
the shipment of these carrotsranged froma few miles to many hundred. 

The 214 cars inspected represent only about 1 per cent of the 22,195 
cars shipped during the same period. Although these shipments 
include both topped and untopped carrots, the percentage of topped 
carrots inspected is probably very small. The number of cars 
inspected is, of course, too small to give an adequate notion of the 
losses in the total shipment of carrots during this period. Since, 
however, the inspections were made over a period of years, some idea 
may be obtained of the occurrence and the relative importance of 
the several diseases. 


1 Received for publication Oct. 14, 1931; issued July, 1932. 

? Formerly pathologist, Division of Horticultural Crops and Diseases, Bureau of Plant Industry, U. 8. 
Department of Agriculture. 

*The usual citation for this combination is (Lib.) Mass.; but Miss Edith K. Cash, of the Bureau of 
Plant Industry, has found by searching the literature that apparently it was first used by De Bary in 
Vargleicheude Morphologie der Pilze, p. 33, in 1884, 11 years prior to Massee’s use of it. 
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TABLE 1.—Losses in 214 carloads of carrots, due to four storage diseases, from 1922 
to 1927 


Average percentage 
of decay based 
on the number 
of— 

lesen Cars in which in- 
Disease fection occurred 


Cars in 
which | Cars in- 
infection | spected 
| occurred | 


Number | Per cent 

Rhizopus soft rot f Shicod oe 33 15.4 

Sclerotinia soft rot é hphad 79 36.9 

Bacterial soft rot — us CE REE: 32 15.0 

Botrytis rot aa ORAS 28 | 13. 1 

Soft rot ¢ = Nar: Si nae 15 7.0 
u | 


« The disease listed under this name may have been any one of the first three diseases. 


In some of the cars only one of the four diseases was found; in others, 
two or more. The average percentage of decay based on the 214 
cars is suggestive of the total losses in carrot shipments. The aver- 
age percentage based on the number of cars in which disease occurred 
gives a better picture of individual losses. The fact that these per- 
centages are averages indicates that the individual losses varied, 
sometimes reaching 75 to 100 per cent. This unequal distribution 
of losses is a hopeful sign. The fact that there was no decay in many 
cars and slight decay in many others suggests that in these instances 
the factors favorable to decay were either eliminated or under partial 
control and that, if the same factors had been controlled or removed 
in these instances in which the losses were heavy, the total as well as 
the individual losses would have been smaller. 

The data (Table 1) show that the greatest losses were caused by 
Sclerotinia soft rot, that those caused by Rhizopus soft rot and by 
Botrytis rot were about equal, and that those caused by bacterial soft 
rot were the smallest. 

Many of the carrots had been stored before they were shipped and 
probably there were some losses due to decay. In preparing carrots 
for market it is the usual practice to sort out decayed roots. Losses 
resulting from sorting must therefore be added to those incurred 
during transit in computing total losses. 

The data set forth herein are based on investigations that had as 
their object: (1) To make a survey of the diseases that normally 
affect carrots under a variety of storage conditions; (2) to determine 
the losses due to these diseases under different conditions of storage; 
(3) to determine the influence of temperature on the growth of 
some of the pathogenes in culture media; (4) to study the influence of 
such factors as temperature, wounds, the presence or absence of 
organic matter, and the method of infection upon the decay of carrots 
by the four diseases mentioned above; (5) to test the susceptibility of 
18 varieties of carrots to these diseases; and (6) to determine the 
conditions most favorable for the storage of carrots. 

The work was done at the Arlington Experiment Farm, Rosslyn, 
Va., from 1920 to 1929, inclusive, 
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APPARATUS AND EQUIPMENT 


Most of the work was conducted in infection chambers (9) ‘ or in 
storage rooms 8 feet wide, 14 feet long, and 11 feet high. The other 
equipment used is discussed in connection with the experiments in 
which it was employed. 

MATERIALS 
PATHOGENES 


The pathogenes employed in the experiments were Rhizopus tritici 
isolated from sweetpotato (Ipomoea batatas (L.) Poir.), R. nigricans 
isolated from banana (Musa paradisiaca L.), Sclerotinia sclerotiorum 
isolated from cabbage (Brassica oleracea L.), Botrytis cinerea isolated 
from carrot, and Bacillus carotovorus isolated from carrot. 


HOSTS 


The Danvers Half Long variety of carrot was used in the infection 
and storage experiments and in the temperature experiments that 
had as their object the determination of the cardinal temperatures 
for infection and decay. The following 18 varieties, with the excep- 
tions noted in the text, were employed in the varietal-susceptibility 
tests and in some of the storage experiments: Blanche a collet vert 
(hors terre), Blanche lisse demi-longue, Carter Early Market, Carter 
Long Forcing, Carter Nantes, Carter Red Elephant, Carter Scarlet 
Perfection, Carter Summer Favorite, Danvers Half Long, Rouge 
demi-longue de Danvers, Jaune obtuse du Doubs, Rouge 4 forcer 
Parisienne, Rouge demi-courte de Guérande, Rouge demi-longue 
d’Amsterdam, Rouge demi-longue de Chantenay, Rouge demi-longue 
Nantaise, Rouge demi-longue de Saint James, and Rouge longue de 


Saint Valery. The carrots were grown at the Arlington Experiment 
Farm, Rosslyn, Va., and stored, except when otherwise stated, at a 
temperature fluctuating between 0° and 2° C. 


SOURCES OF CONTAMINATION AND INFECTION 


Sclerotinia soft rot differs from Rhizopus soft rot, bacterial soft rot, 
and Botrytis rot in the fact that its occurrence in storage depends 
upon field contamination and infection. This disease is common on 
carrots and a large number of other vegetable crops in the field. If 
the storage house has not been contaminated by the previous storage 
of vegetables affected with this disease, uncontaminated or uninfected 
roots from the field will not become infected by S. sclerotiorum. 

Harvested carrots apparently are always contaminated with forms 
of Rhizopus, Bacillus carotovorus, and Botrytis cinerea, for infection 
by these pathogenes takes place whenever the roots are stored at 
certain temperatures and humidities. The sources of contamination 
are probably both the field and the storage house. All three of these 
organisms readily grow and reproduce on most, if not all, dead vege- 
table matter pone | may be expected to occur whenever such vegetable 
matter is present. Bacillus carotovorus frequently, and B. cinerea 
rarely, affect carrots in the field. In such cases contamination is 
traceable to field infection. 


* Reference is made by number (italic) to Literature Cited, p. 911. 
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EXPERIMENTAL DATA 
SCLEROTINIA SOFT ROT 


THE PATHOGENE 


Ramsey (/2, 13) has shown that four species of Sclerotinia may 
cause decay of carrots under experimental conditions, namely, S. 
sclerotiorum, S. intermedia Ramsey, S. minor Jagger, and S. ricini 
Godfrey. He states that, of a large number of isolations made from 
vegetable products on the Chicago market during four years, more 
than 90 per cent yielded S. sclerotiorum. He reports having isolated 
S. intermedia from carrot only on two occasions (12, 13). So far as 
the writer is aware, S. minor and S. ricini have not been reported 
as normally causing decay of carrots. S. sclerotiorum, therefore, is 
probably the principal species causing decay of carrots. 


METHOD OF INFECTION 


Boyle (/) asserts in his work on the Scarlet Runner bean (Phaseolus 
coccineus Jacq.) and broadbean (Vicia faba L.) that Sclerotinia 
sclerotiorum obtains entrance to the host tissue by mechanical pressure 
and that it has the ability to penetrate the cuticle as well as the sub- 
cuticular layers. He did not, however, test such tissues as those in 
the roots of carrots. In the present experiments no effort was made 
to determine the method by which the pathogene gains entrance to 
the cells of the carrot, but two experiments (Table 2) were conducted 
to determine whether there is a normal barrier to the entrance of the 
fungus into the host tissue. 

In these experiments glass tubes 5 mm in diameter and 10 mm long 
were sealed over fresh wounds, old wounds, areas where secondary 
rootlets emerge from the primary roots, and the uninjured skin. 
The tubes were then filled, in the first experiment with sweetpotato 
decoction, and in the second with carrot decoction, and bits of the 
mycelium of Sclerotinia sclerotiorum were introduced into each tube. 
The fresh wounds were made by cutting off a slice of tissue from the 
roots with a sharp knife. The old wounds consisted of areas where 
the skin had been rubbed or scratched off in the process of harvesting 
and storing. The roots had been in storage a little over four months 
in each case. When the roots were to be inoculated over the unin- 
jured skin considerable care was exercised to select areas free from 
injury. After inoculation the roots were stored at 15° C., for 22 days 
in the first experiment and for 42 days in the second experiment. 


TABLE 2.—Jnfection of carrots inoculated with Sclerotinia sclerotiorum over fresh 
wounds, old wounds, rootlets, and the unbroken skin, and held at a temperature 
of 15° C. 


Storage period 
—_—§—! Roots 


Experi- | ‘Experi- | “Sed 
ment 1¢ | ment 2° 


Inoculation over— Roots infected 





Days Days Number Number | Per cent 
Fresh wounds 22 42 12 10 83 
Old wounds. _. 22 42 | 2 10 
Rootlets 22 42 | 3 4 
Unbroken skin _. 22 42 | 23 0 


« The inoculum consisted of bits of the mycelium of S. sclerotiorum in sweetpotato decoction. 
> The inoculum consisted of bits of the mycelium of S. sclerotiorum in carrot decoction. 
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The results in Table 2 show that the unbroken skin of the carrot, 
if not a perfect barrier, is effective in preventing the entrance of this 
fungus. If the skin of the carrot root were continuous and uniform 
throughout, it would effectively limit the amount of decay caused by 
this pathogene. Unfortunately infection may readily occur at the 
openings of the tissue associated with the origin of the secondary 
roots and at the wounds that invariably result from handling in con- 
nection with the harvesting and storage of the crop. 


WoUNDING AND INFECTION 


In an experiment conducted to measure the influence of wounding 
at different temperatures, the wounded and unwounded roots were 
inoculated by dipping them in a suspension of mycelium and agar in 
water. The inoculum was prepared by squeezing carrot-agar cultures 
of Sclerotinia sclerotiorum through cheesecloth into a quantity of 
water. The wounding was accomplished by scraping off the skin of 
the roots, which gave a type of wound common in carrots, especially 
if roughly handled. A quantity of wounded and unwounded carrots 
were stored after inoculation at nine different temperatures. Except 
at one temperature (8° C.), the percentage of infection was larger 
in the wounded than in the unwounded roots. (Table 3.) Taking 
the results collectively at the temperatures at which infection oc- 
curred, there was 12 per cent more infection in the wounded than in 
the unwounded roots (32 as compared with 20 per cent). These data, 
together with those in Table 2, show that wounding is a factor of some 
importance in the infection and decay of carrots by S. sclerotiorum. 
Incidentally, the results at temperatures 11.5° and 12.5° C. (Table 3) 
indicate that the relative humidity of the storage chamber may also 
influence the amount of infection. Fresh wounding would have the 
effect of increasing the humidity at the wounded surface. 


TaBLE 3.—Infection of wounded and unwounded carrots stored in 12-quart baskets 
and inoculated with Sclerotinia sclerotiorum at various temperatures 


| Roots stored 
Rela- } Wounded roots Unwounded roots without treat- 
Temperature tive |Storage| ment 
("C,) humid-| period 
ity | 
| Total Infected Total Infected Total |Infected 


| | 
Per cent’ Days |Number| Number Per cent Number Nu eo cent Number Per cent 
93 20} () | (a) (*) ‘ (2) | (2) (*) 
91 | 20 | 107 0 0 | | 80 
93 | 20 | 160 | 18 2 | to al 
95 p 107 | 28 26 S4 é 110 
95 20 | 90 46 hi | 26 2 117 
90 69 f 
96 | 81 
96 7 
96 % 6 
92 | 0 


|}oocceccoeceo 


i 


Total * ; SERA 791 | 255 


{ 


* All roots stored at 33° C. were decayed by Rhizopus. 
* Totals obtained from the figures at the temperatures at which infection occurred, 
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INFLUENCE OF TEMPERATURE ON GROWTH OF THE PATHOGENE ON CULTURE 
MeEpDIA 


The fungus was grown on carrot agar in 200-cc Erlenmeyer flasks. 
The flasks were inoculated by introducing into each, with a sterile 
needle, a small piece of agar containing mycelium from a pure culture. 
About the same amount of inoculum was used in each flask. Ten 
flasks were incubated at each temperature. As each lot was inocu- 
lated the flasks were placed immediately at the various temperatures. 
The surface area of the fungus colony was used as a measure of the 
amount of growth. 

The highest temperature at which Sclerotinia sclerotiorum was 
observed to grow was 32.5° C. (Table 4.) No growth took place in 
3 days at 35°. This maximum temperature for growth corresponds 
closely with that obtained by Ramsey (1/3) on potato-dextrose agar, 
where it grew very slowly at 32° and 33°. Maximum growth 
occurred at 24° after 3 days. (Table 4.) A slight amount of 
growth occurred at 0.9° in 22 days in 2 flasks out of 10. No obser- 
vations were made at temperatures below 0.9°. Growth declined 
rapidly as the temperature rose above or fell below 24°. (Table 4.) 


TABLE 4.—Influence of temperature on the growth of Sclerotinia sclerotiorum on 
carrot agar in Erlenmeyer flasks 





1 | a 
| Average Average 
area of 


‘Temperature Period of | Colonies 
. 
, colonies 


‘eon measured 
| 


area of 


Temperature Period of Colonies 
°C.) colonies 
olonies 


exposure measured 

— | : 

Days | Number Mm? « Days Number Mme 
0 | 3 0 

(°) 


0 


3 | 
3 | 
3 
3 
3 | 
3 | 
3 
3 
3 





* Mm?is the eens iation for aqnase clita recently ahah te for U.S. Government printing. 
» Growth just started in 1 flask 

¢ Growth just started. 

4 Growth covered flasks. 

* Growth just started in 2 flasks. 


INFLUENCE OF TEMPERATURE ON INFECTION AND DECAY 


To obtain a uniform amount of inoculum for all the roots used in a 
given experiment and at the same time to confine the initiation of 
infection to a definite area, so that a comparable quantitative measure- 
ment may be made of the decay produced at different temperatures, is 
more difficult with a fungus like Sclerotinia sclerotiorum, which does not 
normally fruit on culture media, than with fungi that sporulate 
abundantly. Bits of mycelium, no matter how obtained, are bound 
tovary. The same is true of bits of sclerotia, although a more uniform 
quantity of inoculum can be obtained by carefully slicing the sclerotia. 
For comparisons of the effect of temperature on the amount of decay, 
both mycelium and sclerotia have been found fairly satisfactory ‘if 
large numbers of roots are used to eliminate the effects of individual 
variation. Mycelium inoculation yields a larger percentage of infec- 
tion, but fairly young sclerotia also yield a large percentage. 
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The results recorded in Table 5 were obtained from an experiment in 
which bits of sclerotia were used as the inoculum. The roots were 
thoroughly washed, a small piece of sclerotium (about 0.5 mm thick 
by 1 mm square) was inserted in the thickest diameter of each, and 
the roots were stored at the various temperatures in wire baskets 12 
inches in diameter and 12 inches deep. 


TaBLE 5.—Influence of temperature on infection and decay of carrots inoculated 
with Sclerotinia sclerotiorum 


[Bits of sclerotia about 0.5 mm thick by 1 mm square were used as inoculum] 


| Aver- Aver- 
Tem- Stor- Tem- Stor- 
ots . p » s . 2 
perature | age Roots | Roots infected | *8° area perature | age | Rts | Roots infected age 
(°C.) | period) “sed | of °C.) | period used area of 
' I | lesions : I lesions 
| 


Days |Number|Number Per cent) Mm? I Per cent| Mm? 
5 30 | 0 0 0 6 1 0 


2 q 223 
30 g 474 
y 541 

504 

463 

35 

ll 











The highest temperature at which infection occurred in six days was 
28° C. It is not possible to hold carrots at temperatures above 28° 
except for a short period because of contamination and infection by 
other fungi. Ramsey (/3) obtained negative results when young 
carrot roots were inoculated with Sclerotinia sclerotiorum and exposed 
to a temperature fluctuating between 31° and 33° and averaging 32°. 
The maximum temperature for infection would therefore seem to be 
slightly lower than that for growth on culture media. Maximum 
decay was obtained at a temperature of 23° (Table 5),which corre- 
sponds closely to the optimum temperature (24°) for growth on carrot 
agar. (Table 4.) The discrepancy of 1° may be accounted for by the 
different temperatures employed in the two cases. The rate of decay 
declined rapidly as the temperature rose above or fell below 23°. 

The lower temperature limit for infection has not been accurately 
determined, but it is sufficiently néar the lower temperature limit for 
the storage of carrots to make its elimination by the manipulation of 
temperature impracticable. Ramsey (/3) has found that Sclerotinia 
sclerotiorum will infect bean pods at a temperature of 0° C. Infection 
of carrots with this fungus has been obtained at temperatures ranging 
from 0° to 1°. (Table 7.) Carrots can not be stored at temperatures 
much below 0° without danger of freezing, the freezing point being 
about —1.4° (14). 

_If carrots contaminated with this pathogene are stored, it is pos- 
sible to check the losses by holding the temperature near 0° C., but 
it is not possible entirely to eliminate decay. The control of this 
disease should begin in the field. 
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RELATION OF HuMIDITY TO INFECTION 5 


Ramsey (/3) states that moisture is an important factor in the 
infection of vegetables by Sclerotinia sclerotiorum. However, he pre- 
sents no data on the influence of air humidity on infection. 

In an experiment (Table 6) conducted for the purpose of studying 
the influence of humidity on infection, carrots (Danvers Half Long) 
grown in the vicinity of Canton, Pa., were used. The roots were 
obtained directly from the field, stored a few days in a cool basement, 
and incorporated in the experiment November 30, 1925. Only sound 
roots and roots relatively free from wounds were used. The roots 
were stored in chambers 7 by 9 by 10 feet high, provided with ven- 
tilation (14), and all four chambers were maintained at a temperature 
of 6.5° C. The relative humidities of these rooms were 95, 90, 80, and 
70 per cent, respectively. One 16-quart hamper of untreated roots 
was placed in each room as checks. Six hampers of carrots were 
inoculated with Sclerotinia sclerotiorum by dipping them in a suspen- 
sion of mycelium and carrot agar in water. The suspension was made 
by squeezing six 200-ce Erlenmeyer flasks of carrot-agar cultures 
(40 ce to the flask) through fine-mesh cheesecloth into 10 gallons 
of water. After inoculation the roots from four of the hampers were 
spread out carefully on the floor of a large room and dried with an 
electric fan. As soon as dry, one hamper of roots was placed in each 
of the four storage chambers. The two remaining hampers were 
placed without drying at relative humidities of 90 and 80 per cent, 
respectively. 

In the checks at 95 per cent relative humidity two roots became 
infected, indicating that there was some contamination of field origin. 


TABLE 6.—Influence of humidity on infection of carrots inoculated with Sclerotinia 
sclerotiorum and stored at 6.5° C 


Inoculated roots Untreated roots 


Relative humidity Storage) . P : . ’ a 
(per cent) period Stored without drying Stored after drying 
—_—_—______—_ Total Infected 


Total Infected Total Infected 


Days Number Number Per cent Number Number| Per cent Number Number Per cent 
47 41 4 10 33 2 6 

37 g 1 2 é 0 0 
42 d 3g 38 0 0 
0 0 

: ‘ ¢ 3 2 6 
37 2 i ‘ hi K 0 0 
y 38 0 0 
0 0 


Infection resulting from inoculation was much more marked in the 
roots stored in the wet condition than in the roots stored after they 
were dried. Not only was the percentage of infection higher in the 
former, but infection developed at a relatively lower percentage of 
humidity (80 per « cent). This increased infection may have been 


5 The results recorded in T ine 6, 27, and 35 were obtained from an experiment conducted at the Marble 
Laboratory (Inc.), Canton, Pa., badd the courtesy of 8. M. Marble, who was responsible for maintain- 
ing the temperature, humidity, and ventilation throughout the experiment. The results discussed re- 
garding the effect of humidity on infection of carrots by Bacillus carotovorus also were obtained in con- 
nection with this experiment. 





June 15,1982 Development of Storage and Transit Diseases of Carrot 869 


influenced by two factors: (1) The greater amount of water present 
on the undried roots at the outset of the experiment and (2) the loss 
of some of the inoculum from the dried roots, due to the drying 
process and the handling incident to it, although the roots were han- 
dled carefully to avoid this. That this pathogene is sensitive to the 
amount of moisture present is shown by the reduced percentage of 
infection in the wet roots at a relative humidity of 80 per cent as 
compared with that at 90 per cent, as well as by the similar effect of 
the relative humidity on infection in the dried roots. 


VARIETAL SUSCEPTIBILITY TO INFECTION AND Decay 


To measure the relative susceptibility of 14 varieties of carrots to 
infection by Sclerotinia sclerotiorum, three types of inoculum, two 
methods of inoculation, and three criteria of measurements were 
employed. 

The three types of inoculum consisted, respectively, of sclerotia, 
mycelium, and carrots decaying with Sclerotinia sclerotiorum. The 
method of inoculation with either sclerotia or mycelium was to insert, 
by means of a small scalpel, bits of the inoculum as nearly the same 
size as possible one-fourth to one-eighth of an inch deep in the thickest 
diameter of the roots. The method of inoculation with the third 
type of inoculum was to place near the center of a quantity of carrots 
one decaying with the pathogene. The percentage of roots infected 
and the diameter of the lesions were used as measures of susceptibility 
in the experiments in which the roots were inoculated with bits of 
mycelium or sclerotium; the percentage of infection and the diameter 
of the nests that developed were the criteria of susceptibility when 
the carrots were inoculated with a decaying carrot. There was one 
replication of each experiment involving each type of inoculum. 

The conclusions drawn from all the data obtained are: (1) That 
all the varieties tested are readily susceptible to decay by Sclerotinia 
sclerotiorum; (2) that, although there is some variation in the number 
of infections, the percentage of infection, and the degree of decay 
with the different varieties in a given experiment, these variations 
are not always paralleled in another experiment conducted as nearly 
as possible under the same conditions; and (3) that the amount of 
variation is probably not always a measure of relative susceptibility 
but is due rather to uncontrollable factors, such as kind and quantity 
of inoculum, size and shape of roots, variation in the viability of the 
inoculum, variation in susceptibility within a host variety, degree of 
wounding, and probably some unknown factors. 

The results recorded in Table 7 are submitted as an example of 
the relative susceptibility of 12 varieties at three different tempera- 
tures. The conclusions drawn from these data apply also to the 
two varieties Rouge demi-longue de Saint James and Rouge longue 
de Saint Valery, used in some of the other experiments but not in 
the present one. In this experiment the roots were inoculated by 
placing a decaying carrot in the center of a 12-quart wire basket of 
roots of each variety. All the roots were as nearly the same size 
as possible, and only sound roots that were fairly free from blemishes 
were used. Considering that in this experiment only one inoculation 
1s involved in the case of each variety at each temperature and that 
variation in the size and shape of the roots and irregularity in the pack- 
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ing must of necessity exist in the different baskets, the results obtained 
in the number of infections, in the percentage of infection, and in the 
diameters of the nests are regarded as unusually uniform. Certainly 
all the varieties are readily susceptible and if there is any difference in 
their susceptibility it is of no practical consequence. The results of 
experiments previously described confirm this conclusion. 


TABLE 7.—I nfection of 12 varieties of carrots inoculated with Sclerotinia sclerotiorum 
and stored at temperatures of 10°, 4.5°, and O° to 1° C. for 92, 92, and 155 days, 
respectively 





Infection after— 


92 days at 10° 92 days at 4.5° 155 days at 0° to 1° 


Variety ! 
Roots in-| Extent of infection 


| Roots in- 
fected 


Roots in-} 
fected | 


fected 


Roots used 
Roots used 
Diameter of 
Roots used 


No.| 1 ah, No.| No. P. ct. 
‘arter Early Market__..---- : 2 Infection through- 6} 15| 33 
out basket. | 
‘arter Long Forcing--------- 5 | 6 _ | eae eee 15 ee 
‘arter Nantes__.__- a wad naaad 19 | 25) 
‘arter Red Elephant -- ---- §2 | 3 55 Infection through- : 12; 2B 
out basket. 
Carter Scarlet Perfection 2) 95 — VSM | 
‘arter Summer Favorite- 52 | 52 | 100 |_....do__.._- : 52 | 19 
Danvers Half Long- - - 5 72 Sf es | Fk 
Rouge a forcer Parisienne - - g | ae | eee | 28 
Rouge demi-courte de 
Guérande--_---- -----| 56 | Sf 98 MELAS ESE | 24 
Rouge demi-longue d’ Amster- 
aS Sf _ eo eee 
Rouge demi-longue de Chan- | 


22 
es 


ae Laced = ‘ | 23 


| _ eeES 
Rouge demi-longue Nantaise.__. 5: | ee RR 





RHIZOPUS SOFT ROT 


Species oF Ruizopus RESPONSIBLE FOR Decay 


Rhizopus tritici * and R. nigricans are the only species of Rhizopus 
isolated from carrots by the writer. Other species may cause decay 
(3) under special conditions, but since these two species are the only 
ones obtained from a large number of isolations, it is believed that 
they are the chief if not the only species that cause decay. 


Factors AFFECTING DIsTRIBUTION OF RuHIzoPpUS INFECTION AT DIFFERENT 
TEMPERATURES 


DISTRIBUTION IN UNTREATED ROOTS 


The results recorded in Table 8 on the distribution of Rhizopus at 
different temperatures are representative (except for the qualifica- 
tions given in the text) of experiments conducted during different 
times of the year for a number of years. 

If sound, untreated carrots, directly from the field or after having 
been stored at 0° to 2° C. for a time, are stored at different tempera- 
tures from 0° to 44°, infection by forms of Rhizopus usually occurs 
at about 15° to 44°. (Table 8.) The lower limit of this range varies 


* The specific name tritici (9) as here used may easily include tritici itself, Rhizopus nodosus Namys., 
R. oryzae Went and Pr. Geerligs, and R. delemar (Boid.) Wehmer and Hanzawa, for no morphological 
characterizations are available by which these species can be definitely separated. 
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somewhat, depending on the particular lot of carrots. As a rule the 
amount of infection is relatively small below 30°. Between 20° and 
25°, the number of infections is probably influenced by the infection 
and decay produced by Bacillus carotovorus, which is often heavy. 
The absence of Rhizopus infection at 24° in experiment 2, Table 8, 
may easily be accounted for by the B. carotovorus infection, which 
amounted to 94 per cent at the end of 19 days. Infection by Rhizopus 
at temperatures below 20° is erratic in its occurrence, often not 
appearing at all during the marketable life of the roots and never 
in large amounts. In only two instances during nearly 10 years of 
experience in the storage of carrots has the writer observed infection 
of uninoculated carrots by Rhizopus at temperatures below 12°. 
At temperatures above 30°, infection by Rhizopus is heavy and occurs 
in a very short time. 


TABLE 8.—I nfluence of temperature on infection of carrots by Rhizopus 


EXPERIMENT 1 





Inoculated roots Untreated roots 
Relative 
humid- 
ity 


Duration —— ‘ ee, Cee ne 
of storage | 
Total Infected Total | Infected 


Per cent Number Number | Percent Number | Number | Per cent 
ll 54 6 ll 66 (*) 
70 (*) (*) 
74 64 
44 


12 
> 


eccooceooconnprone& 


1 
0 
1 
1 
0 
0 
0 | 
0 
0| 
0 





ecccecceorn 
coosooocne 








EXPERIMENT 2 (UNTREATED ROOTS) 


| : | | ' 
| | Roots infected by— 

on Relative Duration 
Temperature (° C.) a of storage | 


R. tritici R. nigricans 


| 
| 
| 








| Per cent Number | Number | Per cent | Ni Per cent 
93 12 43 | é 8 


19 


ye 
eccoococouncoe com 
cocoeaewoceco 


113 





I 


* The inoculum consisted of a spore suspension of R. tritici and R. ni pane. 
> Infection by Penicillium was so great at temperatures of 41° and 44° C. as to make a count of Rhizopus 
infection uncertain, except in the case given. 


EFFECT OF TIME 


_ The results recorded in Table 9 were compiled from data obtained 
in connection with experiment 2, Table 8, to show the effect of time 
on infection. The period of time employed was governed not only 
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by infection by Rhizopus but also by infection by Bacillus carotovorus 
and forms of Penicillium and Fusarium, which tends to complicate 
the problem and to make the selection of comparable periods imprac- 
ticable. The results recorded in Tables 8 and 9 show quite clearly 
that carrots are much more resistant to infection by Rhizopus at 
temperatures below 30° C. than above it. 


TABLE 9.—Influence of time and temperature on normal infection of carrots by 
Rhizopus 


Rela- Roots infected by Rhizopus after 
tive Roots — 
humid-| used 
ity 4days | 5days 6days S8days 12days|19days 27 days) 51 days 


Temperature (° C.) 


Per cent: Number Per cent Per cent Per cent Per cent Per cent Per cent Per cent Per cent 

Vv ‘ 4 56 70 

v1 48 . F 1v 

93 48 4 

95 59 2 3 

92 50 2 

91 63 0 

95 48 


The separate distribution of Rhizopus tritici and R. nigricans will 
be discussed later. 
EFFECT OF INOCULATION 
If carrots are inoculated by being dipped in a spore suspension of 
Rhizopus tritici and R. nigricans, the percentage of infection in a given 
period is usually greater than that of uninoculated roots. (Table 8, 
experiment 1, and Table 10.) 


TABLE 10.—JI nfection at various temperatures of wounded and unwounded carrots 
by Rhizopus 
ROOTS INOCULATED WITH R. TRITICI 


Wounded roots Unwounded roots 


Tempera- | Storage 

=C i . 
ture ( -)| period In- Isola- Organism 
fected tions isolated 


In- Isola- 


fected | tions Organism isolated Total 


Total 


Number Number Number ‘ Number Number Number 
15 14 12. Rhizopus tritici - 
5 BD lca twasaas 


9 R. tritici. 
li 1 Do. 
li 1 _ | eee — 1 Do. 
lé 0 0 |-.- —_ . é 0 ‘ 
15 0 2 ea . 0 
15 0 0 


10 : g g 3 R. tritici. 
) ) 


ROOTS INOCULATED WITH R. TRITICI PLUS R. NIK 


20 g Be, ME. cc ccccuss f f R. tritici. 
20 } ~~ er Q |.. 

32 R. nigricans-_-- -- 

32 FREER L SSS 


32 : Sg Meer eee 
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TaBLe 10.—Infection at various temperatures of wounded and unwounded carrots 
by Rhizopus—-Continued 


ROOTS NOT INOCULATED 


Wounded roots Unwounded roots 


Tempera- Storage 


on ; | | 
ture (°C.) | period In- | Isola- | Organism 


fected | tions isolated 


In- Isola- 


Total | tected | tions 


| Organism isolated Total 


Days Number Number Number Number) Number Number 
20 15 4 R. tritici ._---- 15 6 6 | R. tritici. 
0 om 15 0 0 caput 
15 0 0 =: 
15 0 0 
15 0 0 


5 


1 
1 
li 
1 


Inoculation by dipping in a spore suspension sometimes seems to 
lower the temperature limit for infection. In the roots in experiment 
1, Table 8, inoculated with Rhizopus nigricans and R. tritici, and in 
roots (only the unwounded roots are considered in this comparison) 
inoculated with R. tritici alone (Table 10), infection was obtained at 
a slightly lower temperature than in the uninoculated roots. On the 
other hand, in roots inoculated with R. nigricans alone and with 
R. tritici plus R. nigricans the lowest temperature, 32° C. (Table 10), 
at which infection occurred was the same as in the uninoculated roots. 
Infection has even occurred at a lower temperature, 12.5°, in uninocu- 
lated roots in one experiment (Table 9) than in inoculated roots in 
another, 18° (experiment 1, Table 8). Aside from the difference in 
the history of the two lots, there is some difference in the temperatures 
and periods of time employed, thus making a direct comparison 
impracticable. The foregoing results justify the conclusion that 
natural inoculation, so far as the lower temperature limit for infec- 
tion is concerned, is not a limiting factor in some lots of carrots stored 
directly from the field, and emphasize the uncertainty of Rhizopus 
infection at temperatures below 20°. By employing the extreme 
conditions involved in the ‘‘well’’ method of inoculation’ (4), it is 
possible to alter either the normal limits of infection by R. tritici and 
R. nigricans or the limits obtained by inoculation with a spore sus- 
pension. The lower temperature limits of infection by both patho- 
genes may thus be lowered and the upper limit of R. nigricans raised, 
until the temperature limits of infection are almost as wide as the 
temperature limits of growth. The results obtained by this method 
of inoculation will be discussed later. 

EFFECT OF WOUNDING 

The data recorded in Table 10 are from one of three experiments 
conducted to determine the effects of wounding on the infection of 
carrots by Rhizopus at different temperatures. A different type of 
wounding was employed in each experiment: (1) Scraping the skin 
off the root with a knife, (2) striking the root on the side of a wire 
basket, and (3) cutting a small slice off each root. The last-named 
type of wounding was used in the experiment reported. In the unre- 
ported experiments the wounded and unwounded roots were inocu- 
lated by dipping them in a mixed spore suspension of Rhizopus tritici 





"The well method of inoculation consists in placing a 24 to 48 hour old test-tube culture of the organism 
on liquid medium in a‘‘well”’ in a root one-half to 1 inch deep. This is made with a }4-inch cork borer 
and the opening is plugged with cotton after inoculation. 
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and R. nigricans. In the present experiment three spore suspensions 
were used: R. tritici alone, R. nigricans alone, and a mixed suspension 
of the two pathogenes. 

The suspensions were prepared by pouring water on cultures of the 
pathogenes in Erlenmeyer flasks, shaking the flasks to free the spores, 
and then pouring the suspension through cheesecloth into a larger 
volume of water to remove as far as possible the mycelium present. 
The three spore suspensions were made up separately, so that the 
dosages are not necessarily comparable in the lots inoculated with 
the different suspensions; but they are comparable in the wounded 
and unwounded roots inoculated with a given inoculum. The 
checks consisted of uninoculated wounded and unwounded roots. 

At temperatures of 19°, 25°, and 32° C., the only temperatures 
at which any infection occurred (Table 10), 52, or 29 per cent, of 
the 180 wounded roots became infected, as compared with 42, or 23 
per cent, of the 180 unwounded roots. The margin of infection in the 
wounded over the unwounded roots was not large (6 per cent), and in 
two cases the percentage of infection was greater in the unwounded 
lots. 

The results of the three experiments show a somewhat greater 
percentage of infection in the wounded than in the unwounded car- 
rots, there being exceptions in particular lots. In some instances 
infection occurred at lower temperatures in wounded than in un- 
wounded roots. 


TEMPERATURES AT Wuicn Ruizopus NIGRICANS AND R. Tritic1 PRopUcE 
INFECTION 


From the data recorded in Table 8 (experiment 2) and Table 10, it 
appears that 19° C. is near the dividing line between temperatures at 
which infection is produced by Rhizopus tritici on the one hand and R. 
nigricans on the other. QR. tritici was obtained in all the isolations 
made from infected roots stored at temperatures above 19°, while R. 
nigricans was obtained from infected roots stored below 19°. These 
results were confirmed by another experiment made under the same 
conditions as experiment 2, Table 8. 

The foregoing results indicate that, although the amount of inocu- 
lum on stored carrots as well as the presence of wounds may increase 
or otherwise influence infection by Rhizopus tritici and R. nigricans, 
artificial inoculation and wounding are not essential to infection. 
Carrots are very susceptible to decay at temperatures above 30°, 
much less susceptible between 20° and 30°, and highly resistant below 
20°. Carrots are highly resistant to attack by R. nigricans under all 
circumstances. 


EFFrect OF TEMPERATURE ON INFECTION AND QUANTITY OF DEcAyY 


The well method was employed to determine the temperature 
ranges at which Rhizopus tritici and R. nigricans are able to infect 
carrots, and to measure the influence of temperature on the quantity 
of decay during certain periods of time. 

Roots of the Danvers Half Long variety were washed in soapy 
water, rinsed in tap water, and dried in the laboratory. Some were 
inoculated by introducing 48-hour-old cultures of Rhizopus nigricans, 
grown in 2.5 cc of carrot decoction in test tubes at room temperature, 
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into wells made in the thickest diameter of the roots, and others by 
using cultures of R. tritici of the same age and grown under the same 
conditions as the former species. The wells were plugged with sterile 
cotton and the roots then exposed to the various temperatures. After 
decay had advanced sufficiently, the carrots were weighed, the decay 
removed, and the undecayed portion weighed again. The amount of 
decay at each temperature was obtained by subtracting the second 
weight from the first. 

A number of experiments were made with each pathogene, the 
results of which are recorded in Tables 11 and 12. 


TaBLE 11.—Influence of temperature on infection and decay of carrots inoculated 
with Rhizopus tritici 


[20 roots used in all cases] 





Temperature | Storage Roots in-| ie ll Temperature Storage | Roots in- 
(°C,) period fected | Decay | (°C.) | period fected Decay 


Days Number ; | Days Number Grams 


bo to tO tt tS to te 
“I-13 “1 bo be te te tS 
onSo888 


} 
| 


TABLE 12.—Influence of temperature on infection and decay of carrots inoculated 
with Rhizopus nigricans 


[20 roots used in all cases] 


Temperature Storage | Roots in- Decay |i Temperature | Storage Roots in- 
=O period fected 7 | (°C.) period fected 





Number Grams Days Number 
(*) . aduuae 20 

20 
20 
20 
10 
0 
0 
0 


hh www Nh th 
SwWNNNNWN > 


225 || 2..-..- 


* Just started. Decay at this temperature was due to Rhizopus tritici. 
> Six just started. 


It will be seen that both Rhizopus tritici and R. nigricans are 
capable of infecting and decaying carrots over a far wider range of 
temperatures under the conditions of these experiments than under 
the conditions of the preceding experiments. The obvious differences 
in the factors operating in the two sets of experiments are the degree 
of wounding; the amount of inoculum in a given area; and the pres- 
ence of a medium, in the form of carrot decoction, in the wells in the 
latter experiments as compared with its absence in the former. 
An enzyme® also may have been present in the carrot decoction to 
act on the carrot tissue ahead of infection. 

It is believed that the degree of wounding was not a limiting factor 
in in the earlier experiments, for carrots have often been subjected to 


5 Mien ations ieee shown that the action ot Rhizopus tritici and R. nigricans is the same on carrots as 


00 Sweetpotatoes (2). This action consists largely in lving the middle lamellae through the agency of 
pectinase secreted by the pathogenes. 
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various degrees of wounding, dipped in a spore suspension of either 
species of Rhizopus, and exposed to temperatures below 20° C., with 
very little resulting infection. 

The presence of a greater quantity of inoculum and culture medium 
in the wells seems to be the factor operating in the present experi- 
ments to overcome the resistance of the roots at temperatures at 
which they are normally resistant. 

By the end of two days the amount of decay caused by Rhizopus 
tritici (Table 11) increased from 0 g at 8° C. to 388 g at 33.5° and 
decreased co tr as the temperature rose above 33.5°. In a 
supplementary experiment, the maximum amount of decay was ob- 
tained at 35.5° and declined as the temperature rose. Some decay 
occurred at 42°. At 44° the roots showed evidence of injury and 
were badly. infected with Penicillium. Active decay has been found 
a number of times at a temperature as low as 8°, and R. tritici has 
been isolated from the decay at this’ temperature. Below 8°, if 
decay begins at all, it tends to dry up. The lowest temperature at 
which decay by R. tritici has been observed is 5°. This minimum is 
slightly higher than that (3.5°) observed in sweetpotatoes (9). 

After two days the amount of decay produced by Rhizopus nigri- 
cans (Table 12) increased from 0 g at 5° C. to a maximum of 482 g at 
28° and decreased progressively as the temperature rose above 28°. 
It was not possible to determine the maximum temperature for 
infection of carrots by R. nigricans, because of the invasion of R. 
tritici, which infects carrots readily at a temperature of about 35°. 
In fact it is quite probable that some of the decay at 31.5° and 33.5° 
was due to R. tritici. A large percentage of the isolations made from 
carrots inoculated as in this experiment have yielded R. tritici. In 
the present case R. tritici alone was obtained at 35°. Isolations 
were not made from roots stored at the other temperatures. The 
lowest temperature at which decay by R. nigricans has been found 
is 8°. 

Ruizopus INFEcTION IN CARROTS AND SWEETPOTATOES 


A comparison of infection of carrots and sweetpotatoes (9, 10) by 
species of Rhizopus brings out some interesting differences and 
similarities. 

Fresh wounds are almost invariably essential to infection of 
sweetpotatoes at temperatures below 33° C. Some infection will 
occur without wounding above 33°. Wounds have very little effect 
on infection of carrots at any temperature. (2) Some change takes 
place in sweetpotatoes when exposed to temperatures above 33° that 
makes them fairly susceptible to decay without wounding. Some 
change takes place in carrots when exposed to temperatures above 
30° that makes them very susceptible to decay. (3) Rhizopus tritici 
and R. nigricans cause most if not all the decay in both cases. (4) 
The total temperature range at which Rhizopus has been found to 
infec t carrots (0°-2° to 44°) rand that at which it infects sw eetpotatoes 
(3.5° to 44°) are almost identical. The difference in the two cases is 
pooh due to differences in the temperatures employed in the two 
sets of experiments and possibly to complications introduced by the 
effects of other fungi on sweetpotatoes at temperatures near 3.5°. 
(5) R. tritici causes practically all the decay of carrots, whereas R. 
nigricans causes most of the decay of sweetpotatoes, largely because 
sweetpotatoes as a rule are held at temperatures below 20° at which 
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R. nigricans normally causes all the decay. R. tritici causes all the 
decay of sweetpotatoes above 32°, and the infection is divided between 
the two species at temperatures between 20° and 32°. (6) The 
normal range of temperature at which R. tritici infects wounded and 
unwounded carrots extends from about 19° to 44°, and the range at 
which it infects wounded sweetpotatoes is from 20° to 44°. (7) 
Wounded sweetpotatoes at temperatures below 26° are very sus- 
ceptible to infection by R. nigricans, whereas wounded or unwounded 
carrots are highly resistant to infection by this pathogene. (8) The 
resistance of sweetpotatoes to infection by Rhizopus resides in the 
skin and healed-over wounded surfaces, and fresh wounding removes 
this resistance (17); whereas the resistance of carrots to infection by 
Rhizopus is affected very little by wounding. The normal resistance 
of sweetpotatoes to infection by R. tritici at temperatures below 20° 
is broken down when the roots are inoculated by the well method; 
the resistance of carrots to R. tritici at temperatures below 20° and 
to R. nigricans at temperatures from 8° to 33.5° is broken down when 
the roots are inoculated by the well method. 


VARIETAL SUSCEPTIBILITY TO Decay 
SUSCEPTIBILITY TO RHIZOPUS NIGRICANS 


It has already been shown that either the Danvers Half Long variety 
is normally resistant to infection and decay by Rhizopus nigricans 
or that this pathogene is not well equipped to infect the roots under 
normal conditions. The following varieties of carrot have been found 
to be susceptible when inoculated by the well method with 24-hour 
to 48-hour cultures grown in 2.5 ¢ ¢ of carrot decoction in test tubes, 
plugged with cotton, and stored at temperatures fluctuating from 
10° to 15° C.: Blanche A collet vert (hors terre), Blanche lisse demi- 
longue, Carter Early Market, Carter Long Forcing, Carter Nantes, 
Carter Red Elephant, Carter Scarlet Perfection, Carter Summer 
Favorite, Danvers Half Long, Rouge demi-longue de Danvers, Jaune 
obtuse du Doubs, Rouge A foreer Parisienne, Rouge demi-courte de 
Guérande, Rouge demi-longue d’Amsterdam, Rouge demi-longue de 
Chantenay, Rouge demi-longue Nantaise, and Rouge longue de 
Saint Valery. The degree of susceptibility does not seem to vary 
greatly under these conditions. 

During one to four different seasons all these varieties were stored 
at temperatures ranging from 0° to 15.5° C. The only infection 
recorded, aside from that of Danvers Half Long by Rhizopus, was 
on Rouge demi-longue de Danvers held at a temperature of 10° during 
the season of 1926-27, when about 5 per cent of the stock stored (a 
little more than a peck) was decayed. This variety was stored the 
two preceding seasons without infection by Rhizopus. This variety 
is really a strain of Danvers Half Long, and in general there has been 
found very little difference between the two in their reaction to disease. 
Although no isolations were made from these roots, because they were 
completely decayed at the time of the inspection, it is believed, because 
of earlier experience, that the decay was due to R. nigricans. In any 
case, the varieties listed above probably can safely be stored at 
temperatures below 15° without much danger of infection by R. 
nigricans. 
130648—32——2 
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SUSCEPTIBILITY TO RHIZOPUS TRITICI 


In two experiments conducted to determine the susceptibility of 
16 varieties of carrots to infection and decay by Rhizopus tritici, 
the roots were inoculated by dipping them in a spore suspension, 
after which they were stored at a temperature of 30° C. The per- 
centage of infection in most varieties was larger in the second experi- 
ment (Table 13) than in the first in spite of a shorter storage period. 
This difference was probably due in part to the heavier spore sus- 
pension used in the second experiment. All 16 varieties were found 
to be susceptible. There was considerable variation in the percent- 
age of infection in the different varieties in a given experiment, but 
the variation was not always parallel to that of the other experiment. 
Moreover, the degree of variation in a given variety in the two 
experiments was sometimes as great as the variation in the different 
varieties in the same experiment. It-is believed, therefore, that 
there is not a marked difference in the susceptibility of the varieties. 


TABLE 13.—Infection in 16 varieties of carrots inoculated by dipping in a spore 
suspension of Rhizopus tritici and stored at 30° C. 


Experiment 1 Experiment 2 


Variety Roots infected after— Roots infected after 


7 days 15 days 3 days 8 days 


| 
Num- Num- Per Num-| Per Num- Num-| Per |Num-| Per 
ber ber cent ber | cent ber ber ber 
Blanche a collet vert (hors terre) 32 19 6 t 21 5 16 
Blanche lisse demi-longue 30 3 7 q 14 5 
‘arter Early Market 70 14 
‘arter Nantes ¢ 13 
‘arter Red Elephant _- 
‘arter Scarlet Perfection 
‘arter Summer Favorite 
Danvers Half Long 
Rouge demi-longue de Danvers 
Jaune obtuse du Doubs 
Rouge A forcer Parisienne- 
Rouge demi-courte de Guérande_ 
Rouge demi-longue d’ Amsterdam 
Rouge demi-longue de Chantenay- 
Rouge demi-longue Nantaise 
Rouge longue de Saint Valery 





In two other experiments with these same varieties the roots, 
after being washed in soap and water, rinsed in tap water, and 
dried in the laboratory, were inoculated by introducing a 48-hour 
culture of Rhizopus tritici into wells. The wells were made in the 
thickest diameter of the root, penetrated to the center, and were 
plugged with cotton. Twenty roots of each variety were employed 
in each experiment. All the varieties were stored in wire baskets 
under the same conditions in a room 8 feet square and 10 feet high, 
provided with ventilation at a temperature of about 23° C. After 
two days in the first experiment and three days in the second, the 
roots of each variety were weighed separately, the decay removed, 
and the undecayed portion weighed again. The weight of the decay 
was obtained by subtracting the second weight from the first. 

The percentage of infection in both experiments was 100, except 
in the case of the variety Rouge demi-longue de Chantenay, in 
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which one root in one experiment remained uninfected during the time 
employed. 

Although there is some variation in the amount of decay in the 
different varieties in a given experiment, the variations do not always 
correspond in the two experiments. Nor is the difference in the 
amount of decay in the several varieties large enough to indicate 
marked resistance on the part of any. 

The results of the two types of experiments show that all the 
varieties are very susceptible to infection by Rhizopus tritici under 
the same conditions as those under which Danvers Half Long was 
found to be readily susceptible, that is, when the roots are inoculated 
with a spore suspension and stored at a temperature of 30° C. and 
above, and when they are inoculated by the well method. 


BACTERIAL SOFT ROT (SLIMY SOFT ROT) 


Bacillus carotovorus is always present to some extent on vegetables 
in storage and transit. In addition to decaying carrots in storage 
and transit, it intermittently occasions losses by attacking the roots 
in the field. Decay in the field seems to depend on rather special 
conditions, such as high temperature combined with a high water 
content of the soil following a severe attack of blight (Macrospor- 
ium carotae Ell. and Langlois). Although its presence in storage and 
transit as well as the amount of loss it produces may be influenced 
by its occurrence in the field, it is not absolutely dependent upon 
such occurrence. 

THE PATHOGENE 


In the experiments in which the carrot roots were inoculated, 
the Jones 3A strain of Bacillus carotovorus was employed. In the 
temperature and infection experiments in which no inoculum was 
used, it is assumed that all the bacterial decay that occurred, except 
at temperatures of 38° to 40° C. and above, was due to B. carotovorus. 


METHOD OF INFECTION 


According to Jones (6), infection of carrots by Bacillus carotovorus 
does not normally occur through the unbroken skin. Unfortunately 
the skin is not continuous over the entire surface of the roots. Its 
continuity is interrupted by the wounds produced by harvesting 
operations, including injury to root tips and secondary roots. These 
wounds permit of a certain amount of infection whenever conditions 
of temperature and moisture are favorable. (Tables 14 and 15.) 


TaBLE 14.—Normal infection by Bacillus carotovorus of wounded and unwounded 
carrots stored at various temperatures for 31 days 





Wounded roots Unwounded roots 
Temperature (° C.) — : . - 
| Total Infected Total | Infected 


7 Number Number Per cent Number Number Per cent 
a... oa ; : ; sodas 64 58 91 75 : 67 





5. a 71 18 25 
19.5 66 20 
17.5 73 5 
15 78 0 


Total « / we anes 974 101 
| | 





* Taken from results at temperature at which infection occurred, 
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TABLE 15.—Influence of temperature and humidity on infection of uninoculated 
carrots by Bacillus carotovorus 








Experiment 1 ¢ Experiment 2 > 


Tem- Rela- | Stor- er —_ Rela- _Stor- 
perature tive hu-| age used Roots infected io tive hu- age 
(°C.) midity | period , CC) | midity period 

° | 


| 
Roots | 
used 

| 


Roots infected 


Per cent} Days Number Number Per cent Per cent s Number Number| Per cent 
92 3 86 0 0 36.5 93 12 43 3 7 


57 78 K Q ¢ 12 
78 | : 60 24.5 | 9% ; 32 | 
96 22 70 5g ¢ i 5 
93 58 2: Ai 9! 27 59 | 25 
97 27 81 K A ¢ ¢ 27 50 | 18 
96 27 69 5.§ q f % ll 
95 | 7 4 2. 0 f ; 7 
95 2 65 | 
Os : 56 
90 Q 74 
100 Q 66 
100 K 71 ; ; 0 PEER Ten 
| | } 

wee Roots exposed to various temperatures after being stored at a temperature of 0° to 2° C., from Nov. 1 to 
Mar. 4. 

> Newly dug roots exposed to various temperatures. 


WOUNDING AND INFECTION 


Normally the range of temperature extending from 15° to 25° C., 
and particularly temperatures above 20°, are favorable to infection 
of carrot by Bacillus carotovorus. A quantity of unwounded roots 
and roots wounded by being struck three times against the blunt 
edge of a wire basket were stored without inoculation for 31 days 
at a number of temperatures from 15° to 24°, inclusive. The 
wounded roots showed a higher percentage of infection than the 
unwounded roots at all temperatures at which infection occurred. 
(Table 14.) These results indicate that, although wounding in- 
fluences infection, heavy infection may take place in the absence of 
fresh wounding. 

TEMPERATURE RELATIONS 


GROWTH OF THE PATHOGENE 


Jones (6) found the maximum temperature for growth of Bacillus 
carotovorus on culture media to be slightly below 39° C. Very little 
growth took place in 20 days at temperatures ranging from 0.6° to 1°. 
Some growth took place at 2° in 24 hours. The optimum tempera- 
ture for growth was reported to be approximately 27° to 30°. 


EXPERIMENTS ON INFECTION AND DECAY 


Three types of experiments were employed in the study of the 
relation of temperature to the infection and development of decay by 
Bacillus carotovorus. In type 1, sound untreated roots were stored 
at a series of temperatures in infection chambers and storage rooms; 
in type 2, a root decaying with B. carotovorus was placed at or near 
the center of a quantity of sound roots and the roots were stored at 
various temperatures; in type 3, the roots were inoculated by the well 
method and stored at various temperatures. The objects of the 
three types of experiments were as follows: Type 1, to determine the 
normal temperature range for infection and decay and the time 
required for infection to occur; type 2, to study the effects of con- 
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tamination by decaying roots on infection and decay at various 
temperatures; and type 3, to measure the influence of temperature on 
the quantity of decay at different temperatures. 

Type 1.—The behavior of carrots stored at different temperatures 
in regard to infection by Bacillus carotovorus within any given period 
of time is not always uniform either in the range of temperatures at 
which infection occurs or in the amount of decay present. Aside 
from the effects of temperature and wounding, the extent of decay is 
probably influenced by the following factors: The particular lot of 
carrots stored, the amount of contamination, the humidity of the 
storage room, and decay by other pathogenes. 

The difference in behavior of different lots of carrots and the effects 
of decay by other pathogenes on decay by Bacillus carotovorus will 
become obvious as the discussion continues. It is a matter of general 
observation that roots contaminated because of field infection are 
more likely to decay than roots from uncontaminated fields. A high 
humidity in the storage room seems to favor infection, although there 
are no data available to show its exact relation to infection. 

The results given in Tables 15 and 16 are submitted as examples 
of what may happen in regard to infection by Bacillus carotovorus if 
roots are stored at a range of temperatures from 0°-2° to 41° C. 
In experiment 1 (Table 15) the roots were placed at the various 
temperatures after having been stored at a temperature of 0° to 2° 
from November 1 to March 4, while those in experiment 2 were 
stored at the various temperatures at harvest time. Aside from the 
difference in the age of the roots at the time of storage, the conditions 
of the two experiments are not entirely parallel. There are differ- 
ences in temperature, humidity, and time. The differences in tem- 
perature are not believed to be of any importance. The low humidi- 
ties at the temperatures of 32° and 35° in experiment 1 of Table 15 
may possibly operate to reduce the percentage of infection. The 
temperatures and relative humidities between 15° and 25° employed 
in the two experiments are sufficiently alike to be fairly comparable. 
At these temperatures there is a difference in time of three days 
between experiment 1 (Table 15) and the 19-day period in Table 16. 
At these temperatures the percentage of infection in newly dug 
carrots in 19 days (Table 16) was in most instances about the same 
as in the older roots in 22 days, and at 24° the newly dug carrots 
showed a much larger percentage of infection than was shown by the 
older roots at the nearest corresponding temperature. (Table 15, 
experiment 1.) These data indicate at least that the roots do not 
necessarily increase in susceptibility with age. The lower limits for 
infection in the periods of time considered were about the same. 
The percentage of infection over the entire infection range in the two 
experiments was undoubtedly influenced by infection by Rhizopus 
and Fusarium, especially the former. Infection by any one of these 
organisms always shows some variation in amount. Consequently 
any variation in the percentage of infection by one would tend to 
cause a variation in the others. 
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TABLE 16.—Influence of time on infection of uninoculated carrots by Bacillus 
carotovorus at various temperatures 


Rela- Roots infected after— 
Temperature tive Roots 
(°C) humid- used | 


| 
ity 4 days | 5 days | 6 days | 8 days | 12days | 19days 27 days | 51 days 





Per cent Number| Per cent| Per cent 
93 43 0 2 


91 
93 
95 
95 2 

92 fi | 36 |. ‘ 
91 i | | : 7 





95 15 





Uninoculated carrots have been infected by Bacillus carotovorus 
at temperatures from 0°—2° to 36.5° C. ‘(Table 15, experiment 2, and 
Table 17.)* In only one year has bacterial soft rot been observed at 
a temperature of 0° to 2° during nine years of storage of the Danvers 
Half Long variety taken directly from the field. After 131 days of 
storage the percentage of infection was 0.2 in this variety but reached 
as high as 8 in one other variety. 


TABLE 17.—Normal infection by Bacillus carotovorus of the Danvers Half Long 
variely of carrots stored at several temperatures and humidities during four 
seasons 


| ! 
Temper- | Relative | Storage Roots 


Storage season ature humidity| period used 
| 


Roots infected 


*¢. Per cent Days Number | Number | Per cent 


80-96 102 1, 288 80 6 
oe 80-96 102 
1924-25 . 4. 75-83 102 
91 
75-85 


0-2 ¢ 100 

0-2 150 | 136 | 

02 | 5 50 131 

02 | 100 125 

o-3 | 150 134 
| 








| 


Likewise, infection at 4.5° C. was limited to one season out of three 
seasons’ storage of the Danvers Half Long variety (Table 17), the 
percentage of infection being 4 after 100 days of storage. In another 
season 1 per cent of each of four other varieties was infected after 
92 days of storage at 4.5°. Infection at temperatures below 10° has 
always been relatively small even after long periods of storage. At 
a temperature of 10° and above, the percentage of infection may 


® The results recorded in Table 17 were obtained from the storage of carrots at temperatures from 0°-2° 
o 15.5° during four seasons. The roots were taken directly from the field and stored either in 16-quart 
ampers or bushel crates in storage rooms 8 by 14 by 11 feet high. 
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become high if the duration of the storage period is long enough. 
With the rise in temperature from 8° to about 21.5°, there is a shorten- 
ing of the time required for infection to occur. (Table 15, experi- 
ment 2, and Table 16.) At temperatures between 21.5° and 36.5° 
no difference is apparent in the time required for infection to take 
place, unless a slightly higher percentage of infection at 31° (Table 16) 
indicates slightly earlier infection. There is very little divergence in 
the number of infections occurring at these temperatures during the 
first 8 days. The optimum temperatures for infection among those 
used (Table 15) were 24° and 24.5°. It is to be expected that the 
optimum temperature for infection will vary if different temperatures 
are employed. 

Tyre 2.—When bacterial soft rot is present in the field, decaying 
roots may sometimes be stored with healthy stock and shipped with 
them to terminal markets, where the usual storage temperatures range 
from 0° to 2° C. The results in Table 18 were obtained from an ex- 
periment designed to throw some light on such cases, as well as on 
what would happen if such contaminated stock were stored at differ- 
ent temperatures. 

In this experiment, eleven 12-quart baskets of sound carrots were 
inoculated by placing a decaying root in the center of each. The 
baskets were then stored at temperatures ranging from 2° to 31.5° C. 
and at relative humidities ranging from 80 to 98 per cent. The rot 
was the result of inoculation with a pure culture of the Jones 3A strain 
of Bacillus carotovorus. This experiment has some limitations in so far 
as measuring the influence of temperature on the amount of decay is 
concerned. Among these are variation in the length of the storage 
period ; variation in the size, shape, and packing of the roots about the 
inoculum; and the fact that there was only one inoculation at each 
temperature. 

It was desired to obtain infection over the widest possible range of 
temperature. In attempting to extend infection to as low a tempera- 
ture as possible, complications developed at the three highest temper- 
atures where the roots showed considerable decay from Rhizopus by 
the end of the twenty-second day. 


TaBLE 18.—Influence of temperature on infection of carrots inoculated by placing 
a root decaying with Bacillus carotovorus in the center of each hamper 


| | | 
| | ] 


on | ] Rela- | o.. | 
Temperature Roots; Rootsin- | Temperature tive | ~ ;| Roots in- 
CC (°C.) 


| 
ge | us , id-| 98! ‘ 
) : | used fected , humid perioc fected 


Num- | Num- | | Num- 
ber | ber || Days ber 
K ~— 5 | 29 57 
29 
| 


| 


€ 
| 
6 | 
' | 


_ Obviously, the normal variation in size and shape of the carrots and 
in the packing of them in the baskets would give rise to some variation 
in the number of roots in a given area about the inoculum. There 
is always some variation in the amount of decay resulting from a 
single inoculation. Although the effect of the difference in tempera- 
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ture tends to overshadow this variation, it does not always do so, and 
some effects of the initial variation always persist (8). Numbers 
alone will compensate for this variation. 

Infection (Table 18) occurred over the entire temperature range. 
At 8° C. there was no infection in 29 days, but in 80 days there was 
14 per cent. The maximum number of infections took place at 21°. 
This temperature is 3.5° below the optimum obtained in experiments 
1 and 2, Table 16. Itis believed that 24.5° more nearly represents the 
optimum for infection and decay. This opinion is confirmed by the 
results discussed under experiments of type 3, where more quantitative 
methods were employed. Infection at 8°, 5.5°, and 2° occurred rather 
slowly. Only 7 roots at 8°, 3 at 5.5°, and 1 at 2° became infected in 80 
days. However, in contrast to the results obtained from uninoculated 
roots, infection occurred at these temperatures in a shorter period of 
time, in larger amounts, and apparently with greater certainty. At 
some of the higher temperatures the infection in the same period of 
time was heavier in uninoculated roots (Table 16) than in theinoculated 
roots of the present experiment. It is not clear why this should be so, 
unless the normal contamination aside from the root used for inocula- 
tion was less in the latter case than in the case of the uninoculated 
roots. (Compare results in Table 16 with those in Table 18.) These 
results show that the inclusion of decaying carrots in stored lots may 
be a source of decay, the amount depending on the quantity of 
decaying material present, the temperature of the storage room, and 
the length of the storage period. This method of inoculation insures 
infection over a wider temperature range, particularly at low 
temperatures. 

Type 3.—For this experiment 180 sound roots of the Danvers Half 
Long variety were selected for uniformity of shape and size. The 
results of the test are recorded in Table 19. The roots were first 
thoroughly washed in soapy water and dried. One hundred and 
twenty were then inoculated by introducing 0.5 cc of a suspension of 
Bacillus carotovorus in beef bouillon into a well, 8 mm in diameter, 
penetrating to the center of each root. The wells were plugged with 
cotton and 10 roots were stored at each of the 12 temperatures shown 
in Table 19. In 60 roots used as checks sterile beef bouillon, instead of 
the bacterial suspension, was placed in the wells. Five of these roots 
were placed at each of the 12 temperatures. The amount of decay 
was determined by weighing the decaying roots, removing the decay, 
weighing the undecayed portion, and subtracting the second weight 
from the first. There was no infection in any of the checks. The 
highest temperature at which infection occurred in three days was 
29°C. This temperature is regarded as the maximum at which decay 
will take place only for the time limit and other conditions of this 
experiment. Infection has been obtained at 36.5° (Table 15, experi- 
ment 2), but no infection occurred at 41° (Table 15, experiment 1). 
Thirty-five dezrees is 4° below the maximum temperature obtained 
by Jones (6) for growth of B. carotovorus on culture media. The max- 
imum temperature for the infection of carrots by B. carotovorus is 
difficult to determine because of infection by Rhizopus, which is always 
heavy at temperatures above 30°, even within the limits of a few days. 
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TaBLeE 19.—Influence of temperature on infection and decay of carrots inoculated 
by the well method with Bacillus carotovorus 


{10 roots used in all cases} 


Temperature | Storage) 
ec, i 


period Roots infected Decay 


rr Storage Roots infected | Decay 


period 


Days Nu wtie Per cent| Grams | Days Number Per cent) Grams 
F | 0 Ne ee ces : 0 21 
0 | 0 2 - Q 5 
2 | 20 | Reine ‘ | 
6 60 y Sane mi te 5 
s 80 f 5.5. 3 1 a 
4 100 REPRE : 0 0 
| ¢ 100 B 


34 | | 
| i | 


* Decay not measurable. 


5 
0 
4 
( 


The greatest amount of decay occurred at 24.5° C. (Table 19; 
see also Table 15.) The amount of decay declined as the temperature 
rose above or fell below 24.5°. This optimum is slightly below that 
(27° to 30°) for growth on culture media. The lowest temperature 
at which infection was obtained in this experiment was 5.5° Time 
was undoubtedly a limiting factor. 

The temperature at which infection of carrots by Bacillus caroto- 
vorus occurred in the three types of experiments ranged from 0°-2° 
to 36.5° C. The optimum temperature for infection is about 25°. 


INFLUENCE OF RELATIVE HuMIDITY ON INFECTION AND DECAY 


Only one experiment was conducted to determine the relation of 
humidity to infection of carrots by Bacillus carotovorus. Unfortu- 
nately the temperature used (6.5° C.) is normally a limiting factor 
in infection by this pathogene, and hence the experiment throws little 
light on the effect of humidity on infection. 

Eight 16-quart hampers of freshly harvested, sound carrots were 
inoculated by dipping them in a suspension of Bacillus carotovorus in 
beef bouillon. The carrots in four of the hampers were dried and one 
hamper was stored immediately at each of the relative humidities 
95, 90, 80, and 70 per cent and at a temperature of 6.5° C. The four 
other hampers were first stored for 48 hours, without drying, at a 
temperature of 10° and a relative humidity of 95 per cent, and then 
placed, one at each humidity, together with the hampers of dried 
carrots. No infection occurred in the hampers of dried carrots even 
after 104 days of storage. In a wet hamper first exposed to a tem- 
perature of 10° and a relative humidity of 95 per cent for 48 hours 
and then stored at 6.5° and a relative humidity of 95 per cent, one 
root was found to be infected after 104 days of storage. Infection 
was also found on roots that had been given the same preliminary 
treatment and stored at a relative humidity of 70 per cent. No in- 
fection occurred in the wet roots at relative humidities of 80 and 90 
per cent. These results are inconclusive as regards the effect of hu- 
midity on infection of carrots by B. carotovorus except to indicate, 
perhaps, that the preliminary wetting had some effect. Observations 
indicate that a high humidity favors infection at the temperatures at 
which infection normally occurs. 
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VARIETAL SUSCEPTIBILITY TO INFECTION AND DECAY 


Three types of experiments were employed in an attempt to measure 
the relative varietal susceptibility. (1) The roots were inoculated 
by the well method, one-half cubic centimeter of a suspension of 
Bacillus carotovorus in beef bouillon being used for each root. These 
roots were then stored at 20° C. The quantity of decay was deter- 
mined by weight as previously described. (2) The roots in a 12-quart 
hamper of carrots were inoculated by placing at the center a root 
decaying with B. carotovorus and then storing them at 15°. (3) A 
16-quart hamper of each variety was stored at harvest time at each 
of four temperatures, 0°-2°, 4.5°, 10°, and 15.5°, without treatment. 
Experiments of types 1 and 2 were repeated. In the first type of 
experiment the criteria used for the measurement of decay were the 
percentage of infection and the quantity of decay; in the second and 
third types the criteria used were the number and percentage of carrots 
infected. 

The following 17 varieties of carrots have been found to be sus- 
ceptible to decay by Bacillus carotovorus: Blanche 4 collet vert (hors 
terre), Blanche lisse demi-longue, Carter Early Market, Carter Long 
Forcing, Carter Nantes, Carter Red Elephant, Carter Scarlet Per- 
fection, Carter Summer Favorite, Danvers Half Long, Rouge demi- 
longue de Danvers, Jaune obtuse du Doubs, Rouge 4 forcer Parisienne, 
Rouge demi-courte de Guérande, Rouge demi-longue d’Amsterdam, 
Rouge demi-longue de Chantenay, Rouge demi-longue Nantaise, and 
Rouge longue de Saint Valery. 

Although there was considerable variation in infection and decay 
in the different varieties in a given experiment, the same variation was 
not maintained in others. If any variety showed greater suscepti- 
bility in contrast to other varieties, it was Blanche lisse demi-longue, 
and even in this case exceptions were found. 


BOTRYTIS ROT OF CARROT (GRAY-MOLD ROT) 
OccURRENCE 


The attention given the Botrytis rot of carrot in literature is con- 
fined to a few reports of its occurrence in the field and in storage. 
It is common in storage, and it always occasions some loss whenever 
the roots are stored from two to three months at the usual tempera- 
tures (0° to 4.5° C.)—the longer the storage period, the greater the 
loss. As a rule the loss is not large, except in occasional instances 
after several months of storage. 


THE PATHOGENE 


The Botrytis causing decay of carrot in transit and storage is of 
the cinerea type.” Botrytis cinerea, like Bacillus carotovorus, Rhizopus 
tritici, and R. nigricans, is nearly ubiquitous and is to some degree 
omnivorous. It is always present in carrot storage houses and will 
infect carrots at temperatures ranging from 0° to 7° C. and at rela- 
tive humidities above 85 per cent, if the period of storage is long 
enough. 





10 The strain employed in the inoculation experiments was obtained from carrots and identified by Prof. 
H. H. Whetzel of Cornell University. 
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Factors INFLUENCING INITIATION OF INFECTION 
EFFECT OF A NUTRIENT MEDIUM 


Some difficulty was experienced in obtaining uniform infection of 
carrots with Botrytis cinerea by artificial inoculation. Uniform infec- 
tion was desired in order to measure quantitatively the effect of 
temperature on infection and decay. Inoculation by dipping the 
roots in a water spore suspension yielded as erratic results as did 
the storage of carrots at the various temperatures without inocula- 
tion. Infection resulting from inserting mycelium and spores into 
the roots by means of a scalpel was very limited and uncertain. 
Fairly uniform infection was obtained when the roots were inocu- 
lated in wells with a spore suspension in carrot decoction. Less 
infection occurred when roots were inoculated with a spore suspen- 
sion in distilled water than when they were inoculated with a spore 
suspension in carrot decoction. (Table 20.) These results indicate 
that the presence of nutrient material other than the carrot tissue in 
the roots aids infection. Normal infection of carrots by B. cinerea 
in storage seems to be largely associated with and to follow the 
collapse of certain tissues. The points at which the pathogene gains 
entrance to the root are the fine tip end of the taproot, secondary 
roots (rarely), the crown, and wounds. Most of the infection takes 
place through the fine tip end of the taproot. Very little infection 
occurs during the first month or two at temperatures from 0° to 4.5° 
C. During this time some of the fine tip ends, the secondary roots, 
and some of the top tissues collapse and become necrotic, furnishing 
weakened or necrotic tissue upon which the pathogene can grow 
before establishing active relations with the host. 


EFFECT OF WOUNDING 


Aside from gaining entrance through the fine tip ends and the tops, 
Botrytis infection takes place almost exclusively through other 
wounds, especially through fresh wounds; rarely, if ever, through 
the uninjured skin; and seldom through secondary roots. The 
results recorded in Table 20 show that no infection occurred through 
rootlets or through uninjured skin when a spore suspension, either 
in carrot decoction or in distilled water, was used. Of the roots 
inoculated with a spore suspension in carrot decoction over fresh 
wounds, 75 per cent became infected; of those inoculated with a spore 
suspension in carrot decoction over old wounds, 27 per cent became 
infected ; of those inoculated with a spore suspension in distilled water 
over fresh wounds, 40 per cent became infected; and of those inocu- 
lated with a spore suspension in distilled water over old wounds, 
none became infected. 

In the absence of inoculation, severely wounded roots showed a 
slightly higher percentage (4 as compared with 0.8) of infection than 
unwounded roots (Table 21) when stored at the range of temperatures 
over which Botrytis commonly infects carrots. In this case one lot 
of unwounded carrots and one lot of roots that had been wounded 
by striking each one on the blunt edge of a wire basket were stored 
for 31 days at temperatures ranging from 2° to 15° C. The results 
(Tables 20 and 21) show that the uninjured skin is a barrier to infec- 
tion and emphasize again the importance of careful handling of 
carrots in order to avoid wounding and consequent infection. 
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TABLE 20.—Influence of wounds and of a nutrient medium on infection of carrots 
inoculated with Botrytis cinerea * 


Infection of roots inoculated with spore suspension in— 


Carrot decoction over Distilled water over 


Stor- 
age 
peri- 
od 


Temperature (° C.) Uninjured Fresh Old Rootlets Uninjured Fresh Old 


skin wounds | wounds skin wounds | wounds 


Infected 
Total 
Infected 
Infected 
Infected 
| Total 
Infected 
Total 
Infected 
Infected 


cA 
2 
° 
2 
S 


Days| No. | No. No. 

21 5 0 5 5 5 0 
0 i K 
0 j d . 0 


0 5 12 q y 0 


' 


* The roots were inoculated by introducing a spore suspension into a glass tube 5 mm in diameter and 
8 mm long, sealed over the infection court with vaseline. The fresh wounds were made by removing a 
small slice of tissue from one side of the root with a knife. 


TABLE 21.—Normal infection by Botrytis cinerea of wounded and unwounded 
carrots stored al various temperatures for 31 days 


Wounded roots Unwounded roots 
Temperature (° C.) j 
Total Infected Total Infected 


| 


Number | Number Percent | Number Number | Per cent 
78 7 yy 78 | : 

69 2 

62 2 

74 

65 


54 


r 
2 
1 


Total 4 402 


TEMPERATURE RELATIONS 
GROWTH OF THE PATHOGENE 


To determine the influence of temperature on the growth of 
Botrytis cinerea ten 200-ce Erlenmeyer flasks, each containing 44 cc 
of carrot agar, were placed at each of 13 temperatures after each flask 
had been inoculated by introducing a platinum loop of a spore sus- 
pension of &. cinerea in sterile water into the agar at the center of the 
flask. No growth occurred at 35° C. in six days. (Table 22.) The 
highest temperature at which growth occurred was 32°; the maximum 
amount of growth occurred at 23.5°. As the temperature rose or 
fell below 23.5°, there was a rapid decline in the rate of growth. 
Some growth occurred at the lowest temperature employed, 0° to 
1.5°. Growth has been observed in another experiment at a tempera- 
ture of 0.5° to 1°. The cardinal temperatures for growth may be 
said to be approximately as follows: Maximum, 32° to 35°; optimum, 
24°; and minimum, about 0°. 
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EXPERIMENTS ON INFECTION AND DECAY 


Two types of experiments were employed in the study of the rela- 
tion of temperature to infection and decay. Type 1 consisted of 
merely storing sound roots at various temperatures for the purpose 
of observing the infection that normally occurs. Type 2 consisted of 
a quantitative measurement of decay at various temperatures. 

Type 1.—The data in Table 23 illustrate (1) the behavior of carrots 
stored at various temperatures at harvest time, and (2) the behavior 
of carrots stored at similar temperatures after previous storage at a 
temperature of about 0° C. In experiment 1, roots were taken di- 
rectly from the field and stored at temperatures ranging from 1° to 
31°. The periods of storage employed correspond very closely to the 
length of life of the roots. In experiment 2, the carrots were held in 
storage at a temperature of 0° to 2° from the first week in November 
until March 4, when they were stored at the various temperatures 
after the infected roots had been sorted out. 


TABLE 22.—Influence of temperature on the growth of Botrytis cinerea on carrot 


agar in Erlenmeyer flasks 





Average area of colonies after— Average area of colonies after— 


Temperature a Sees ee ae Temperature 
tal” ¢ C.) 


Z l 
3 days | 6 days |10days_ 12 days 3days 6days | 10days 12days 


Mm? | Mm? | Mm? Mm? Mm? 
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a2 

0 

0 

0 


—w- 


Mm? | Mm? | Mm? 


on 


14 
1,393 |_- 
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Tie 
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* Just started. 


TABLE 23.—Influence of temperature on infection of uninoculated carrots by 
Botrytis cinerea 


Experiment | ¢ Experiment 2 > 
Stor- Temper- | rm 
age “a4 | Rootsinfected | ature | 

period, ~™ eCc3 Bh 


Stor- Roots 


used | Roots infected 


e 
oa y | period 


wins = = 
| | 
Per cent’ Days ‘Number Number) Per cent | |\Per cent Days Number Number| Per cent 
A 91 19 48 0 0 || 3 78 13 60 0 | 0 
93 96 
| 


woe store we 


95 § | 97 

95 7 5¢ ya 96 

92 ‘ : Re 95 
91 95 
95 98 
91 90 
95 100 


94 d 100 
91 113 


| 
| 


* Newly dug roots exposed to various temperatures. 


_ ’ Roots exposed to various temperatures after being stored at a temperature of 0° to 2° from the first week 
in November until Mar. 4. 


The results in Table 23, experiment 1, represent what may be 
expected to happen normally if carrots are stored at various tempera- 
tures at harvest time, although infection often occurs at somewhat 
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higher temperatures and the percentage of infection varies consider- 
ably. As a rule, however, infection does not cover as wide a range 
of temperature in the storage of freshly dug carrots as in roots pre- 
viously stored at a temperature of about 0° C. Infection in the 
freshly dug roots occurred only at temperatures of 1°, 2°, 6.5°, and 
8°, whereas in the roots stored in March the range of infection extended 
from 5° to 24.5° and infection occurred in a somewhat shorter period 
of time. It should be stated, however, that 24.5° is the highest 
temperature at which infection has ever been obtained in the storage 
of untreated carrots. Generally, storage late in the season does not 
yield infection by Botrytis at quite so high a temperature. 

The amount of infection by Botrytis at temperatures of 6° and above 
is often influenced by infection by other pathogenes. 

The data recorded in Table 24 were obtained in connection with 
storage of carrots during four seasons in refrigerated rooms either 
8 by 14 by 12 feet high, or 8 by 8 by 8 feet. The roots were stored 
at harvest time in bushel crates or in 16-quart hampers. 


TaBLE 24.—Influence of temperature, humidity, and storage period on the normal 
infection of carrots by Botrytis cinerea during four seasons 





Temper- | Relative | Storage Roots | i. ‘ 
ature | humidity) period used | Roots infected 
| 


Storage season 


| Per cent | Days Number | Number Per cent 
| 80-96 | 102 1, 288 S4 7 





Mine 7] 80-96 | 102 ‘190 | 68 
1924-25 | 75-83 | 102 029 | 60 
91 | 102 2 | 89 

75-85 | 121 37 | 112 

1925-26 _- eae 9s 75-85 ‘ 40 
90 49 

90 3 | 10 

80 | 58 | 2 

1926-27............-- Set f 70 | : 52 | 15 
90 | : 105 

90 167 
91 0 


wWNwAGwrI De 








@ Single crate. + Average of several crates. 


During the season of 1924-25 there was very little difference in 
the percentage of Botrytis rot present on carrots stored at any of the 
four temperatures employed. In 1925-26 the percentage of Botrytis 
rot increased with the rise in temperature. The variation in the 
length of the storage periods was such as to make the results at the 
different temperatures not comparable. At temperatures of 10° 
and 15.5° ©. infection by Botrytis was complicated by infection by 
Bacillus carotovorus and forms of Fusarium. During the season of 
1927-28 the percentage of infection after 50 to 100 days of storage 
was greater at 0° to 2° (if infection at the two humidities at this 
temperature is considered) than at 4.5°. After 150 days of storage 
the percentage of infection at 4.5° was 47 as compared with 19 per 
cent at 0° to 2°. No infection occurred at 12.5°, largely, it is believed, 
because of heavy infection by B. carotovorus and forms of Fusarium, 
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It can not be said on the basis of these results that an increase in 
temperature within the limits of those given will necessarily result in 
an increase in the amount of infection by Botrytis. In making this 
statement, due consideration is given the variation in the humidities 
involved in these experiments, which are not comparable. (The 
storage conditions in these experiments were utilized because they were 
the best available.) From the results at hand it would seem that 
humidity was not a limiting factor in these experiments. For in- 
stance, at a temperature of 0° to 2° there was very little difference 
in the amount of infection at 90 and at 86 per cent relative humidity, 
and contrary to what was expected, infection was greater at the lower 
humidity. There is often considerable variation in the amount of 
infection in individual containers stored under the same conditions. 
To illustrate, the percentage of infection in an individual crate stored 
at 0° to 2° during the season of 1926-27 was 53, while the average in 
several crates was 17. The factor involved in this variation is not 
known. The results obtained during the season of 1927-28 show the 
relation of time to infection at temperatures of 0° to 2° and 4.5°. 
Very little infection occurred during the first 50 days. The per- 
centage increased more rapidly during the succeeding intervals of 
50 days. 

The results in Table 25 were obtained in connection with experi- 
ment 1, Table 23, and illustrate the effects of various periods of time 
on infection at 1°, 2°, 6.5°, and 8° C. In 19 days no infection had 
occurred in roots stored at 6.5° and 8° and none in 27 days at 1° and 
2°. There was a progressive increase in the percentage of infection 
at each temperature with the lapse of time, except that there was only 
44 per cent infection at 6.5° after 113 days of storage as compared with 
53 per cent in 79 days at the same temperature. Infection by Peni- 
cillium, which obscured the previous infection, was responsible for 
the apparent decrease in infection by Botrytis. 

It should be stated that the percentages of Botrytis infection given, 
especially at temperatures of 0° to 2° C. in the last three tables, are 
not necessarily translatable into equal values of losses, especially 
during the shorter periods of storage. Most of the infection takes 
place through the broken tip ends of the taproots, and any penetra- 
tion of the thicker portion of the roots is included in the count. In 
cases where infection has merely begun to decay the thickened portion 
of the root, practically the entire root is unimpaired for consumption. 

Typr 2.—As has been stated, some difficulty was experienced in 
obtaining uniform infection of carrots by Botrytis. Quantitative 
data under such circumstances are rather uncertain. The problem 
was further complicated at the higher temperatures because of con- 
tamination by such pathogenes as Rhizopus and Bacillus carotovorus. 
_ The data given in Table 26 were obtained from one experiment and 
in the main are representative of the results secured in two other 
experiments. 

The carrots were thoroughly washed and inoculated by introducing 
an equal quantity of a spore suspension of Botrytis cinerea in carrot 
decoction into a well 2 mm in diameter, penetrating to the center 
of the thickest portion of the root. They were stored in wire baskets, 
at the various temperatures shown in Table 26, in infection chambers 
provided with ventilation. The relative humidity was above 90 
per cent at each temperature. 
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25.—Influence of storage period on infection of uninoculated carrots by 
Botrytis cinerea at various temperatures 


Roots infected after— 


Temperature (° C.) Relative Roots _ | J 


humidity used 
27 days | 5l days | 79 days = 113 days 


Percent Number Percent | Per cent | Per cent Per cent 
91 47 4 | 25 : fe 
95 45 2 | ‘ Re 44 
94 45 P 40 
91 61 25 39 
91 2152-187 a 25 


* These carrots were stored in crates in a storage room, w hereas the remaining lots were stored in hampers 
in infection chambers. One crate (containing 152 roots) was inspected after 51 days and one (containing 
187 roots) was inspected after 113 days. 


TABLE 26.—Influence of temperature on infection and decay of carrots inoculated 
with Botrytis cinerea * 


[5 roots used in all cases] 


| | | 
| Average s J 

Roots infected | area of Tp fee | 
| lesions ©) perio 


| Average 
Roots infected | area ol 


Temperature | Storage 
ec 
lesions 


) period 

— er ye SSR | ft 
Days Number Per cent); Mm? s |Number| Per cen!| Mm? 
0 0 | 0 3 9 5 100 273 


0} 0 
80 | 234 
100 | 344 
100 240 
100 240 | 

0 | 0 | 
100 654 | 


honwonim-1¢ 





| 
« The relative humidity of the storage chambers was above 90 per cent. 

* Just started. 

The highest temperature at which infection occurred in this experi- 
ment was 24.5°C. (Table 26.) In another experiment infection was 
obtained at 28°. Both temperatures are somewhat below the maxi- 
mum for growth of Botrytis cinerea (32°). (Table 22.) This might well 
be expected, since infection by Botrytis at the higher temperatures 
is somewhat uncertain. (Table 23, experiment 1.) The greatest 
amount of decay after four days occurred at 22.5°, an optimum tem- 
perature corresponding closely with that for growth of this pathogene 
on culture media. After nine days there was 654 mm? decay at 
12°, 273 mm? at 9.5°, a trace at 7°, and none at 5°. The amount 
of decay declined during this period as the temperature rose above or 
fell below 22.5°. Considerable decay occurred at 2° in 42 days in 
three out of five roots. Infection has occurred at temperatures as 
low as 0°. 

The maximum and minimum temperatures for infection based on 
all temperature experiments conducted are approximately 24.5° to 
28° and 0° C., respectively. The optimum for the rate of decay is 
about 23°. 


INFLUENCE OF HumipITy ON INFECTION AND Decay 


The data available are too few to permit one to draw definite 
conclusions regarding the influence of humidity on infection of carrots 
by Botrytis cinerea. In one experiment (Table 27) freshly dug carrots 
were employed. Eight hampers of carrots were inoculated by dipping 
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the roots in a spore suspension of the pathogene, the other four ham- 
pers (checks) were stored, without treatment, at the relative humidi- 
ties of 95, 90, 80, and 70 per cent, respectively, and at a temperature 
of 6.5° C. Four hampers of the inoculated roots were poured out 
on a clean floor and dried by means of an electric fan. The roots 
were then returned to the dry hampers. One hamper each of dried 
and undried (wet) inoculated carrots was stored with each of the 
checks. The length of the storage period was 104 days. 


TaBLE 27.—Influence of humidity on the infection of carrots inoculated with 
Botrytis cinerea and stored for 104 days at a temperature of 6.5° C. 


Inoculated roots 


suaeiniiet ‘cine ear aiel Untreated roots 


Relative humidity 7 f 2 
(percent) — Wet Dried 





Total Infected Total | Infected Total Infected 


Number Number Per cent} Number, Number Per cent Number| Number| Per cent 
139 i) 5 107 | 7 106 10 
127 9 7 118 | 10 s 
126 2 ‘ 108 | 2 2 
124 2 y 129 | 0 0 





There was no significant difference in the percentage of infection in 
either the inoculated or uninoculated roots at relative humidities of 
90 or 95 per cent. As the relative humidity fell from 90 to 80 per cent 
there was a considerable drop in the percentage of infection in the 
inoculated roots, but not in the checks. There was no infection in the 
dried inoculated roots or checks at a relative humidity of 70 per cent. 
At this humidity there was only 2 per cent infection in the wet inocu- 
lated roots; the same percentage of infection was obtained in wet roots 
at 80 per cent relative humidity. These results indicate that a 
relative humidity of 70 per cent and possibly of 80 per cent is unfavor- 
able to infection. This humidity, however, is also unfavorable for the 
storage of carrots. 


VARIETAL SUSCEPTIBILITY TO INFECTION AND DECAY 


In addition to the 14 varieties of carrot listed in Table 28, the fol- 
lowing 4 varieties have been found susceptible to infection and de- 
cay by Botrytis cinerea: Blanche A collet vert (hors terre), Blanche 
lisse demi-longue, Jaune obtuse du Doubs, and Carter Summer 
Favorite. 

Two types of experiments were conducted to determine the relative 
susceptibility of the different varieties. In one type the roots were 
artificially inoculated, and in the other infection was dependent on 
the inoculum normally present on the roots. 


INOCULATION EXPERIMENTS 


In each of two experiments, 20 carrots of each variety were washed 
in soapy water and dried in the laboratory. By means of a hypo- 
dermic needle, 0.2 cc of a spore suspension of Botrytis cinerea in carrot 
decoction was then introduced into a well 2 mm in diameter and 
2 cm deep in the thickest diameter of the root. The roots were stored 


130648—32——3 
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in wire baskets at the same level in a room 8 by 8 by 8 feet, at a tem- 
perature of 12°C. The length of the storage period in the first ex- 
periment was 12 days and in the second 16 days. 

The criteria used in measuring the relative susceptibility of the 
several varieties were: (1) Percentage of roots infected, (2) average 
diameter of the lesions based on the total number of inoculations, and 
(3) average diameter of the lesions that developed in each variety. 
The diameters of the lesions were obtained from the cross sections of 
the roots cut in two directly lengthwise through the well. The first 
two criteria are measures of the ability of the fungus to infect and the 
amount of decay occasioned, and the third the measure of its ability 
to penetrate the tissue after it has established relations with the host. 


TABLE 28.—Susceptibility of 14 varieties of carrot to decay when inoculated with 
Botrytis cinerea @ 


Average diameter of lesions based on— 
Roots infected 
Nee | Number of roots Number of lesion 
Variety _— : . “ 


| 
lop » la : ~ sil ane : » P = . 
Experi-| Experi- Experi-| Experi- : Experi- | Experi- : 
ment 1 | ment 2 Mean ment 1 ment 2 Mean ment 1 | ment 2 Mean 


Per cent| Per cent) Per cenit, Mm Mm Mm Mm | 

. 95 80 BR 21 23. 8 22. ¢ 20 
| 33 30 32 | 5. 11.5 . 5. 3.5 
‘arter Nantes 7 90 90 90; 22. 25 23. € 19.8] 22.3 
‘arter Red Elephant ---| 95 89 92; 20. 22.6 21.! 19. £ 20 
‘arter Scarlet Perfection _- --| 52 80 6 : 20. 4 9. 16. 
| 
| 


‘arter Early Market 


Mm 
19 
‘arter Long Forcing 


Danvers Half Long. ae 90 | cuemecct? “al ‘ =: 
Rouge demi-longue de Dan- 
Ws cavnnace |) . cs a 19. £ 
Rouge A forcer Parisienne __- 85 $0 21. 28. 25. 3 18.5 25. 
Rouge demi-courte de Gué- 
a ‘ ee. 
Rouge demi-longue d’Am- | 
sterdam . ‘ | 100 84 | 9 21. 18. § 18 
Rouge demi-longue de Chan- | 
tenay 85 55 } 21.4 23. 
3 
4 


100 90 95) 22.4| 255] : 22. 23 


y.- 12. 
Rouge demi-longue de Saint | 
James non S4 | 
Rouge demi-longue Nantaise 100 90 | 95 
Rouge longue de Saint | 
Valery --- . 80 100 90 | 22.2 25. 8 py 7.8 25. 8 
| | 


22 20.6 1 19. 





* Duration of first experiment, 12 days; of second experiment, 16 days. 


The percentage of infection in this case is no doubt a more accurate 
index to susceptibility than the diameter of the lesions because of 
certain difficulties arising from the size of the roots in the several 
varieties and the variation in the relative thickness of the core and 
cortical tissue, which affect the rate of penetration and hence the 
diameter of the lesions. The cortical tissue, at times at least, seems 
to be more resistant to decay than the core and tends to limit the 
degree of decay. Any variation in the amount of cortex and core 
would therefore affect the amount of decay. The size of the roots 
would also influence this variation, for the advance of decay would be 
inhibited earlier in the smaller roots than in the large ones. Only one 
variety (Table 28), Carter Long Forcing, consistently showed a con- 
siderable degree of resistance when judged by all three criteria in 
both experiments. Two other varieties, Carter Scarlet Perfection 
and Rouge demi-longue de Chantenay, showed a somewhat lower 
percentage of infection than the other 15 varieties. Most of the 
varieties were highly susceptible. 
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EXPERIMENTS WITH UNINOCULATED ROOTS 


A 16-quart hamper of each of the varieties listed in Table 29 was 
taken directly from the field (October 28, 1926) and stored at each of 
four temperatures (0 to 2°, 4.5°, 10°, and 15.5° C.) in storage rooms 
8 by 14 by 11 feet high. The hampers were placed at the same level 
in each room. Hampers stored at 0° to 2° were placed between two 
shelves in a space just high enough for them. A second lot of each 
variety '' was stored in bushel crates at 0° to 2° in the same room as 
the hampers. The crates were stacked five high, in adjacent tiers. 


TABLE 29.—Susceptibility of 17 uninoculated varieties of carrot to infection by 
Botrytis cinerea 
ileal acs 
| Percentage of roots infected at indicated tempera- 
ture (° C.), relative humidity (per cent), and 
storage period (days) when— 





Variety | Stored in 16-quart hampers Stored in 
ae Pcie bushel 
| crates 

| 15.5°; 90 | 10°; 80 | 4.5°; 70 | 0°-2°; 90 | (0°-2°; 90 

per cent; | per cent; per cent; | per cent; | per cent; 


| 
39 days 
| 


99 days | 165 days | 131 days | 131 days) 


Blanche A collet vert (hors terre) --- 
Blanche lisse demi-longue_-.------ -- 

Yarter Early Market _.........-- ‘ 

‘arter Long Forcing ot oie 

SE MR itgiinaeh neva ond vimpnisiinmninn wind pink marine Ol 
Jarter Red Elephant----.--....-.------- 

darter Scarlet Perfection _-------- " 

‘arter Summer Favorite. --_..-- ¥ 
Danvers Half Long_-_-------- soles filets 

Jaune obtuse du Doubs_------------.---- 

Rouge demi-longue de Danvers_- 

Rouge A forcer Parisienne_------------- 

Rouge demi-courte de Guérande--- 

Rouge demi-longue d’ Amsterdam -- - - .----_- 

Rouge demi-longue de Chantenay - -- -- 

Rouge demi-longue Nantaise. _- ___- ss Sis tils adcrinhasealcetics 
Rouge longue de Saint Valery__....__.----- 


Com on 
Peo 


_ 


nis 


wot oo = 
Om Ww 
et DS et 

PNAS PAS PN OS wo 


PROHRPROOHENNOOOH SO 
CNweCCH He DOK DAI wwH 


4 4 
SNOCUNOCON DORK NNO e ts 


DNPH Doe w 


In all varieties, except Carter Summer Favorite, the percentage of 
infection at 0° to 2° C. was higher in the hamper lot than in the crate 
lot, and in most varieties considerably higher. Just why there should 
have been so marked a difference in the two lots is not entirely clear. 
The relative humidity readings were taken in the open part of the 
room and represent the humidity of the air surrounding the crates 
rather than that surrounding the hampers. It is possible, because of 
the position of the hampers between the shelves and their closeness to 
each other, that the humidity was higher and that there was less 
ventilation in the hampers than in the crates. These factors may have 
increased the amount of infection. In any case it is probable that the 
difference in the percentage of infection in the two lots was not 
wholly accidental. 

The results at the different temperatures can not be compared 
directly, desirable though such a comparison would be, because of the 
differences in the humidity of the storage rooms and in the duration of 
the storage periods. 

The data at 10° and 15.5° C. show considerable variation in the 
percentage of infection, and in a number of cases a complete absence 





" Carter Long Forcing was not stored at 4.5° or in crates at 0° to 2°. 
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of infection. A large part of the variation was due to bacterial and 
Penicillium decay. For instance, in the case of the Blanche lisse 
demi-longue variety, all the roots stored at 15.5° were decayed by 
Bacillus carotovorus. At a temperature of 4.5°, infection by Penicil- 
lium was rather severe in some cases and may have influenced the 
amount of Botrytis infection. 

At temperatures of 0° to 2° and 4.5° C., in both hamper and crate 
storage, there was considerable variation in the percentage of infec- 
tion in the different varieties, but the variation in the case of any one 
variety under the three conditions was not striking or consistent 
enough to make it possible to draw very definite conclusions as to 
variation in resistance. Carter Long Forcing, instead of showing the 
greatest resistance among the varieties with which it is compared in 
Table 28, shows less resistance than certain other varieties. 

As a result of these experiments it may at least be inferred that all 
the varieties tested are susceptible to infection and decay by Botrytis 
and that the small amount of resistance shown by any one variety 
does not give it much advantage over the other varieties. 


DISCUSSION 


TEMPERATURE AS A GOVERNING FACTOR IN THE INFECTION AND DEVELOPMENT 
OF STORAGE DISEASES OF CARROTS 


Aside from such diseases as Sclerotinia soft rot and black rot (Alter- 
naria radicina Meier, Drechs., and Eddy), which directly or indirectly 
have their origin in the field, diseases that develop in the storage 
house are governed largely by temperature, provided that the relative 
humidity of the storage room is high enough to prevent shriveling. 

If carrots are stored at harvest time at temperatures ranging from 
1° to 37° C., results similar to those presented in Table 30 are usually 
obtained. The percentage of infection and the temperature limits of 
the various diseases may be expected to vary somewhat. It may be 
added as supplementary to these data that carrots stored at tempera- 
tures above 37° often show evidence of injury aside from infection, 
manifested in the blackening and killing of the tissue. The length of 
life of the roots at these temperatures is only one or two days, and 
Penicillium invades most of the roots and sometimes all of them. In 
addition to Penicillium, a very sticky bacterium is found particularly 
associated with the injured roots. The diseases that normally develop 
in roots stored at temperatures from 0° to 37° are Rhizopus soft rot, 
bacterial soft rot, Fusarium rot, Penicillium rot, and Botrytis rot. 
Unidentified lesions also develop sometimes, and upon very rare 
occasions Rhizoctonia solani Kihn infects carrots at temperatures near 
0°. Because of the overlapping of the temperature ranges of infection 
by some of the pathogenes, the amount of decay produced by any one 
pathogene was influenced by that produced by another. 

Figure 1 illustrates the distribution of infection by the various 
pathogenes at the different temperatures during the different periods 
of time. A, B, C, D, and E represent the separate distribution of 
infection by Rhizopus, Bacillus carotovorus, Fusarium, Penicillium, 
and Botrytis cinerea, respectively, and F is a composite graph of the 
distribution of infection by the five pathogenes. The graphs are not 
intended to convey any idea of the quantity of decay present but 
merely to show the occurrence of infection at the different temperatures 
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FIGURE 1.—Influence of temperature and time on the occurrence of infection by the organisms 
that normally decay carrots when stored at a range of temperatures extending from 1° to 36.5° 
‘.: A. Rhizopus; B, Bicillus carotovorus; C, Fusarium: D, Penicillium; E, Botrytis cinerea; 
of A, B, C, D, and E, combination F, represented by 1, 2, 3, 4, and 5, respectively 
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during different periods of time. The graphs are incomplete in that 
they do not show the infection that occurs above 36.5° and below 
1° C. Furthermore, the periods of time given do not always corre- 
spond at the lower limits to the time required for the initial infection 
to occur at a given temperature. The graphs do, however, give some 
idea of the distribution of infection, the conditions of temperature 
and time in which infection is absent, and the extreme length of life 
of the carrots at temperatures above 6.5°. The recording of data at 
these temperatures was discontinued only when the deterioration of 
the roots was such as to preclude their consumption. The time re- 
quired for the roots to reach this state of deterioration is approxi- 
mately represented by the upper receding line of each graph. This 
line marks the discontinuance of recording data at the various tem- 
peratures. 

The data presented in Table 30 and Figure 1 show that if carrots 
are stored at or near 1° C. the limiting disease originating in storage 
is Botrytis rot. Fortunately its development is very slow. The other 
diseases become limiting factors only when roots are stored or trans- 
ported at temperatures unfavorable for the holding of carrots for 
reasons other than infection. Table 31 shows that sprouting begins in 
roots held at temperatures of 19°, 21.5°, 24.5°, and 31° in 5 days. No 
sprouting occurred at 36.5° in 12 days. Sprouting began at 15.5° 
and 12.5° in 12 days, at 8° in 19 days, and at 6.5° in 27 days, whereas 
at 1° and 2° no sprouting was apparent in 113 days. It is evident, 
therefore, that decay by Rhizopus, Bacillus carotovorus, Fusarium, 
and Penicillium occurs, as a rule, only when deterioration from other 
causes has set in. The sprouts themselves soon deteriorate at tem- 
peratures of 10° and above, because of infection by bacteria and fungi. 
- a result of this latter infection, the roots become discolored and 
slimy. 


DEVELOPMENT OF DISEASE AT COMMON STORAGE TEMPERATURES 


Roots of the Danvers Half Long variety were stored four different 
years at various ranges of temperatures the extreme limits of which 
were 0° to 2° and 15.5° C. (Table 32.) The range probably covers 
that usually employed in common storage, and the results illustrate 
the losses that might be expected provided Sclerotinia soft rot was 
not present. 

Bacterial soft rot was consistently present in considerable quantity 
at temperatures of 10° C. and above. The losses below 10° were very 
slight, and only in one season, 1926-27, did bacterial soft rot (0.2 per 
cent) occur at 0° to 2°. 

Some black rot occurred each season, but the amount present had 
no relation to temperature. Moreover, it was not always present under 
all the conditions of storage, although it develops readily under all 
these conditions, indicating that the pathogene is not as ubiquitous 
as Bacillus carotovorus and Rhizopus. 
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TABLE 31.—Influence of temperature on sprouting of carrot roots 


Time re- Time re- Time re- Time re- 
quired for . quired for». quired for quired for 
roots to T mee) rend roots to ee une roots to roots to 
begin ; begin . begin begin 
sprouting sprouting sprouting sprouting 


Temperature Temperature | 
(°C. °C.) 


Days Days Days Days 
(2) 91 § : : 13 | 2... and (>) 
19 a - (*) 


27 





@ None in 12 days. + None in 113 cays. 


TaBLE 32.—Development of diseases in the Danvers Half Long variety of carrot 
under various conditions of storage during four seasons 


at 
plus 


ots infected at 


Percentage of roots infected with— 


| 
| 


infected 
roots 


Storage season 


Temperature 
Relative humidity 
Roots used 
Roots infected 
Black rot 
Fusarium rot 
Rhizopus rot 
Unidentified 
decay 

Roots 

tip ends ¢ 
Sound 

tip ends 


| Storage period 
| Bacterial soft 


| Botrytis rot 


| 
| 


Num- | | Per Per 
cent) cent 





39 
99 
1926-27 4.8 7 165 
131 

131 

50 

70 

50 

100 

150 

50 

100 
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| 5 = «100 
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* The decay under this heading is confined to the thin portion at the root tip and does not affect the 
market value of the carrot. 








Fusarium rot was present each season except one, but the amount of 
loss that it occasioned varied greatly. Although its development is 
influenced largely by temperature, its presence or absence seems to be 
governed by some other factor. In one instance (1927-28) infection 
occurred at a temperature of 0° to 2° C.; otherwise infection by Fu- 
sarium has never been observed at this temperature and very little 
has been found at temperatures below 8°. 

Penicillium was present during two seasons and occurred at as low 
a temperature as 0° to 2° C. Its presence or absence at these low 
temperatures seems to be largely governed by some factor other 
than temperature. 

_A large percentage of the carrots were infected each season at the 
fine tip ends of the roots. The infection so listed in the table never 
reached the thickened portion of the root and did not materially 





902 Journal of Agricultural Research Vol. 44, No. 12 


affect the market value of the carrots, because the diseased tips would 
usually be broken off in the course of preparation for the market. 
From the standpoint of infection, roots showing the percentages given 
in the last column of Table 32 might be regarded as fit for market. 
Because of germination and infection of the tops and discoloration of 
the roots, the carrots stored at temperatures above 4.5° C. were unfit 
for market, whereas those stored at 0.2° and 4.5° C. are regarded as still 
unimpaired in market value. 

Numerous isolations were made from the infected tip ends. The 
organisms obtained varied greatly. Among them were Botrytis 
cinerea, Bacillus carotovorus, Alternaria radicina, and forms of Fusarium 
and Penicillium. Because of the small size of these fine tip ends and 
the fact that the decay involves the entire cross section, one is almost 
as likely to get a contaminating organism as the pathogene. At tem- 
peratures between 0° and 5° C., most of these infections ultimately 
lead to Botrytis decay. . 

The results for the season 1927-28 (Table 32) illustrate the progress 
of decay during storage at three temperatures and in the case of 
0°-2° C. at two humidities. Lower humidities were employed at 
each temperature, but the roots were so badly shriveled from loss of 
water that the results are not submitted. 

At 12.5° C. very few roots remained sound after 50 days of storage. 
At 4.5° the loss was only 4 per cent in the first 50 days, but by the 
end of 150 days only 50 per cent remained marketable. At 0° to 2° 
there was very little difference in the losses at the two humidities, 
and 80 and 84 per cent of the roots were marketable after 150 days. 


TABLE 33.—Infection of the Danvers Half Long variety of carrots stored for various 
periods at O° to 2° C. during five seasons 


at 


Percentage of roots infected with 


Penicillium 


Storage season 


infected 


rot 
tip ends ¢ 


decay 
Roots marketable 


Relative humidity 
Storage period 
Roots used 

Roots infected 
Bacterial rot 
Fusarium rot 
Rhizopus soft | 
Unidentified 
Botrytis rot 


Black rot 
Roots 


| Days 
1923-24 ____ 91 | 201 1,73 pr ' 0 
1924-25 __ { 102 1, 41: 7 3 0 
1925-26 __ ¢ 161 ‘65 2 0 
1926-27 _ t 131 . : 4 : 
j 50 : : 0 


1927-28 100 2° 22 0 





| 85] 150! 134 ’ 8 0 
| | | 


* The decay in this case is confined to thin portions of root tip and does not affect the marketable value of 
the carrot, 


The results recorded in Table 33 give the percentage of losses due to 
different diseases of the Danvers Half Long variety during five 
different years of storage at 0° to 2° C. and the progress of decay during 
the season 1927-28. The duration of the storage ranged from 50 
to 201 days and the losses for the season from 2 to 20 per cent. Most 
of the losses were due to Botrytis rot and included roots that showed 
any infection whatever of their thickened portion. 
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The results of the year 1927-28, it is believed, give a fair picture of 
the possible losses that might be expected after various periods of 
storage, because the greatest total loss was incurred during this season. 
It is true that in two of the seasons the storage period was shorter, 
but in two of them it was longer. 


VARIETAL SUSCEPTIBILITY TO Decay aT COMMON STORAGE TEMPERATURES 


The results recorded in Table 34 were obtained from one season’s 
storage of 17 varieties of carrots at temperatures of 0° to 2°, 4.5°, 10°, 
and 15.5° C. in 16-quart hampers and at 0° to 2° in crates. 

The roots in hampers were stored on the same level at each temper- 
ature, Whereas those in crates were stored in mass. The results are 
representative in the main of those obtained during two other seasons. 
An exception is the development of bacterial soft rot at a temperature 
of 0° to 2°C.; in fact, bacterial soft rot has never been found at any 
other time at this temperature during nine years of storage of the 
Danvers Half Long variety. 
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The relative susceptibility of the different varieties to bacterial 
soft rot and Botrytis has already been discussed, but it remains to point 
out that there is considerable variation in the percentage of infection 
with both diseases in the two lots stored at 0° to 2° and that they are 
not parallel. It is believed that this variation is normal and not 
due to the difference in container or position. 

There is some variation in the percentage of infection of the different 
varieties at a particular temperature by Fusarium and Penicillium, 
but this variation is obviously affected by infection by the other 
pathogenes; nor is the variation always in the same direction at the 
other temperatures. Taking into consideration the total infection 
and the results in the last column, it is quite evident that no one 
variety is distinctly more resistant to disease than another. 

Kristofferson (7), working with the Parisian carrot, Guérande, two 
strains of Nantes, and two of Saint Valery, not only found a difference 
in susceptibility to ‘‘winter rot,” but discovered also that this sus- 
ceptibility was correlated with the invert sugar content. For instance 
Guérande, with an invert sugar content of 4.53 per cent, showed 84.6 
per cent rot, as compared with Saint Valery, strain B, with an invert 
sugar content of 2.43 per cent, which showed only 5 per cent rot. 

These results are difficult of interpretation, (1) because the storage 
temperatures and other conditions of storage are not given and (2) 
because ‘‘winter rot”’ is rather a general term. At any rate, no such 
marked difference in susceptibility was found in these experiments, 
in these or other varieties tested. If the invert sugar content governs 
the susceptibility of a particular lot of carrots in any way, this suc- 
ceptibility can not be expected to remain constant from year to year, 
for Hasselbring (5) found a greater variation in the invert sugarcontent 


of the same variety for different seasons than among the different 
varieties for the same season. 


EFFECT OF HUMIDITY ON SHRIVELING 


Carrot roots of all varieties are very susceptible to drying and 
shriveling, and the range of humidities at any particular temperature 
at which it is possible to maintain a desired turgor is relatively narrow. 

At relative humidities of 90 and 95 per cent and a temperature of 
6.5° C. (Table 35)” all the roots remained firm during 104 days of 
storage, whereas there was considerable shriveling at both 70 and 
80 per cent relative humidity (much more at 70 than at 80 per cent) 
after both 47 and 104 days of storage. At 70 per cent relative hu- 
midity there was a marked increase in shriveling as the storage period 
was prolonged. The data show a smaller percentage of shriveling 
at 80 per cent relative humidity after 104 days of storage than after 
47 days. The numbers used in the two counts may have made some 
difference; otherwise there is no evident explanation of this discrepancy. 

Although no data are available on the relation of humidity to 
shriveling at temperatures near 0° C., which is the most desirable 
temperature for the storage of carrots, experience shows that the rela- 
tive humidity should range from 90 to 95 per cent. 


vt data recorded in Table 35 were obtained from the same experiment as those given in Tables 6 
and 27. 
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TABLE 35—I nfluence of humidity on shriveling of carrots stored at 6.5° C. 





| Relative humid- | Storage Roots 
ity (per cent) period | used 


Relative humid- Storage) Roots Roots shriveled 


| 
ity (percent) | period | used | Roots shriveled 


Nu mber| Nu mber| Per cent 
|| 95... 723 | 0 0 
47| 506 0 feet 622 0 0 
47 | 694 116 17 | . joing 04 220 31 14 
47 | 710 367 52 | 7 ; 253 | 206 81 


Days |Number Number| Per cent 
47 726 0 0 


SUMMARY AND CONCLUSIONS 


The market-inspection certificates issued by the United States 
Department of Agriculture on the 214 cars of topped carrots inspected 
in the United States during the years 1922 to 1927, inclusive, show 
the following average percentages of decay: 6.3 per cent from Sclero- 
tinia soft rot, 2.6 per cent from Rhizopus soft rot, 1.2 per cent from 
bacterial soft rot, and 2.9 per cent from Botrytis rot. 

Since a large number of these cars were inspected for condition and 
grade independent of decay, it is believed that these figures give some 
indication of the losses and their causes in the carrots inspected and a 
suggestion of the losses that generally occur in transit. 

Although the uninjured skin of carrot roots is an effective barrier 
against infection by Sclerotinia sclerotiorum, yet because of the 
discontinuity of the skin due to old wounds, secondary roots, and the 
broken tip ends of the taproots, infection takes place readily whenever 
the pathogene is present. 

Fresh wounding, although not indispensable to infection, increases 
the amount. 

Sclerotinia sclerotiorum was found to grow on carrot agar at temper- 
atures ranging from 0.9° to 32.5° C. No observations were made at 
temperatures below 0.9°. The maximum amount of growth occurred 
at 24°. 

Infection of carrots by Sclerotinia sclerotiorum has been obtained at 
temperatures ranging from 0°—-1° to 28° C. The greatest amount of 
decay was obtained at 23°. The difference between the optimum for 
growth of S. sclerotiorum on agar and that for decay of carrots by the 
same organism is believed to be due to the difference in the tempera- 
tures employed in the two cases. Although it is not practicable to 
store carrots below the temperature limit for infection by S. sclero- 
tiorum, the processes of infection and decay proceed very slowly at or 
near 0°. Since the Sclerotinia soft rot has its origin directly or indi- 
rectly in the field, its control should begin in the field. 

Roots dipped in a suspension of mycelium of Sclerotinia scleroti- 
orum and agar in water and stored while wet at relative humidities of 
80 and 90 per cent at a temperature of 6.5° C. became infected. 
The percentage of infection was much higher at 90 than at 80 per 
cent relative humidity. 

Roots inoculated in the same manner as the foregoing and dried 
with an electric fan were stored at relative humidities of 95, 90, 80, 
and 70 per cent at a temperature of 6.5° C. Those stored at 90 and 95 
per cent relative humidity became infected, whereas those stored at 
70 and 80 per cent did not. The percentage infected at 95 per cent 
relative humidity was higher than that at 90 per cent. 
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By storing dry roots, contaminated but not infected with Selero- 
tinia sclerotierum, at a temperature of 0° and relative humidities 
ranging from 85 to 90 per cent, it is believed possible greatly to inhibit 
infection. 

Fourteen varieties of carrots have been found readily susceptible to 
infection by Sclerotinia sclerotiorum. No marked difference in sus- 
ceptibility was observed among them. 

Rhizopus tritici and R. nigricans are the only species of Rhizopus 
obtained from a large number of isolations from carrots subjected to a 
variety of temperatures and other storage conditions. Although it is 
possible that other species may decay carrots under special conditions, 
they do not do so normally under Washington conditions. 

The extreme temperature limits at which infection of carrots by 
Rhizopus has been obtained in uninoculated roots are 0° to 2° and 
44° C. Infection is always relatively heavy and occurs within a 
period of four days at temperatures above 30°. At temperatures be- 
low 30° infection is always relatively light, and the time required for it 
to occur is much longer. Below 20° infection is erratic in its occur- 
rence, often not occurring at all during the marketable life of the 
roots and never in large amounts. In only two tests has infection 
been observed at temperatures below 12°, namely, at 0° to 2° and 10° 
in the season of 1926-27 and at 7° and 10° in the season of 1925-26 
(Table 32 and unpublished data), and then it was very limited. 

The time required for Rhizopus infection to develop in uninoculated 
roots increased with the lowering of the temperature below 36.5° C. 
Only 4 per cent occurred at 12.5° in 51 days. 

The extreme temperature limits at which infection of uninoculated 
carrots by Rhizopus tritici has been obtained are 19° and 44° C.; 
in roots inoculated by the well method infection has been obtained 
at 5°. 

The extreme temperature limits at which infection of uninoculated 
carrots by Rhizopus nigricans has been obtained are 0° to 2° and 19° 
C. Infection by this pathogene in roots inoculated by the well 
method has occurred at 28.5°, and possibly higher. The upper 
temperature limit for infection by this pathogene has not been accu- 
rately determined, because of complications produced by infection by 
Rhizopus tritici. 

Infection by Rhizopus nigricans is normally rare and small in 
amount, indicating that carrots are highly resistant to attack by this 
pathogene. 

The optimum temperature for decay of carrots inoculated by the 
well method with Rhizopus tritici was about 33.5° C., and for those 
inoculated with Rhizopus nigricans the optimum temperature was 
about 28°. Roots inoculated by being dipped in a spore suspension of 
either pathogene, or both, may show a small increase in the percent- 
age of infection within certain temperature limits and a lower limit of 
infection. However, such is not always the case, nor is the effect ever 
marked. 

Wounding generally tends to increase the percentage of infection 
by Rhizopus and to drop the lower limit of infection, but the effect is 
not marked nor is wounding indispensable to infection. 

Seventeen varieties of carrots were found to be susceptible to in- 
fection and decay by Rhizopus nigricans when the roots were inocu- 
lated by the well method. During three years of normal storage of 
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these varieties at temperatures of 0° to 2° C. the only infection by 
R. nigricans observed, aside from that reported for the Danvers 
Half Long variety, occurred during the season 1926-27 at a tempera- 
ture of 10° in the Rouge demi-longue de Danvers variety. The slight 
and rare infection in Danvers Half Long and Rouge demi-longue de 
Danvers and the absence of infection in all the other varieties indi- 
cate that all varieties are normally resistant to decay by R. nigricans 
at temperatures from 0°-2° to 15.5°. 

Sixteen varieties of carrot, dipped in a spore suspension of 
Rhizopus tritici and stored at 30° C. or inoculated by the well method 
and stored at 23°, were very susceptible to infection and decay. 
No marked differences in susceptibility to this fungus were found. 

That Bacillus carotovorus is constantly associated with carrots is 
indicated by the fact that a certain percentage of roots will invariably 
become infected if stored at temperatures ranging from 20° to 25° C., 
if the relative humidity is high (90 to 95 per cent). 

Wounding was found to increase slightly the percentage of infection 
at temperatures ranging from 17.5° to 24° C.; however, it was not 
essential to infection, a large percentage of infection occurring in its 
absence. 

The extreme temperature limits at which infection of inoculated 
carrots by Bacillus carotovorus has been observed are 0° to 2° and 
36.5° C. In only 1 out of 9 seasons of normal storage of the Danvers 
Half Long variety and in 1 out of 4 seasons of storage of several other 
varieties has bacterial soft rot been observed at a storage temperature 
of 0° to 2°. Infection has occurred in only 1 out of 3 seasons of 
normal storage of several varieties at 4.5°. Storage trials with 
the Danvers Half Long variety at temperatures near 4.5° have 
failed to yield infection by Bacillus carotovorus. In roots that were 
sound when stored, very little infection has ever been observed at 
temperatures below 10°. 

There was little, if any, apparent difference in the time required for 
infection to occur in carrots stored at temperatures ranging from 21.5° 
to 36.5° C. As the temperature was lowered from 21.5° to 12.5° the 
time required for infection to develop increased, at 12.5° no infection 
occurring in 27 days and 15 per cent in 51 days. 

The inclusion in the storage stock of carrots decaying with Bacillus 
carotovorus insures a more uniform distribution of the decay over a 
wider range of temperatures than occurs in the storage stock of roots 
free from such contamination. 

In carrots inoculated by the well method the maximum temperature 
at which infection occurred within three days was 29° C.; the optimum 
temperature for decay was 24.5°; and the minimum temperature for 
infection in seven days was 5°. 

Taking into consideration the three types of experiments employed, 
the optimum temperature for decay is about 25° C. 

The results regarding the influence of humidity on infection of 
carrots by Bacillus carotovorus are too incomplete and indecisive to 
make it possible to draw any conclusions from them. 

_ Seventeen varieties of carrots have been found readily susceptible to 
infection and decay by Bacillus carotovorus. Although some variation 
in the percentage of infection and in the quantity of decay has been 
ound in the different varieties in a given experiment, this variation 
130648—32 4 
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was not always paralleled in a second experiment, and differences in 
susceptibility have not been sufficiently consistent to give any variety 
an outstanding position in regard to susceptibility or resistance. 
The Blanche lisse demi-longue variety may be slightly more susceptible 
than the others. 

The uniformity with which Botrytis rot develops when carrots are 
stored for long periods at temperatures ranging from 0° to 5° C. indi- 
cates that Botrytis cinerea is always present in carrot storage houses. 

Infection of carrots by Botrytis cinerea is aided by the presence of 
nutrient media as used in the well method of inoculation. Normal 
infection seems to be associated with the collapse of certain tissues 
such as tops, secondary roots, wounded areas, and the fine tip ends of 
taproots. Most of the infection occurs in the last-mentioned way. 
Aside from the infection that occurs through secondary roots, the 
fine tip ends of taproots, and the tops, infection takes place almost 
exclusively through wounds, more readily through fresh wounds than 
old ones, and rarely if ever through the uninjured skin. 

The cardinal temperatures for the growth of Botrytis cinerea on 
culture media are approximately as follows: Maximum, 32° to 35° C.; 
optimum, 24°; and minimum, about 0°. 

Botrytis rot in carrots taken directly from the field and stored at 
various temperatures is usually confined to temperatures below 15° C. 
If carrots are placed at higher temperatures after having been stored 
at a temperature near 0° for a time, the range may be extended to 
higher temperatures. 

Infection of carrots by Botrytis takes place slowly in roots taken 
directly from the field and stored at temperatures ranging from 0° to 
2° C.; that is, the percentage of infection is relatively meal during the 
first 50 days and decay is, as arule, in its initial stage. Infection and 
decay increase slowly as the storage period extends beyond 50 days. 

The widest range of temperatures at which Botrytis cinerea infec- 
tion has been obtained on carrots extends from 0°-2° to 24.5° C., as 
compared with a temperature range extending from 0° to 32° for 
growth of B. cinerea on carrot agar. The maximum amount of decay 
on carrots was obtained at 22.5°, which is very close to the optimum 
temperature (23.5°) obtained for growth of the pathogene on carrot 
agar. The difference may be accounted for by the difference in 
temperatures employed in the two experiments. 

In carrots taken directly from the field and stored without inocula- 
tion at a temperature of 6.5° C. for 104 days there was very little 
difference in the percentage of infection at relative humidities of 80, 
90, and 95 per cent. There was a drop in the percentage of infection 
as the relative humidity fell from 90 to 70 per cent. There was no 
infection at a relative humidity of 70 per cent in uninoculated and 
dried inoculated roots and only 2 per cent in roots stored when wet, 
indicating that 70 per cent relative humidity inhibits infection. 
This humidity, however, is too low for the proper storage of carrots, 
since it causes them to shrivel. 

Eighteen varieties of carrots have been found to be susceptible to 
infection and decay by Botrytis cinerea. No consistent differences 
in their susceptibility to this fungus were found. 

If carrots free from contamination by Sclerotinia sclerotiorum 
are stored at temperatures ranging from 0° to 40° C. and at relative 
humidities of 90 per cent and above for a period covering the market 
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life of the carrots at the various temperatures, the following diseases 
may be expected to develop: Rhizopus soft rot, bacterial soft rot, 
Fusarium rot, Penicillium rot, and Botrytis rot. The percentage of 
roots infected and the temperature limits at which infection by the 
various pathogenes takes place will vary somewhat with the stock 
stored. The amount of decay produced by one pathogene often 
influences the amount produced by another. 

In a certain experiment in which carrots were stored at temperatures 
ranging from 1° to 36.5° C. (Table 30), the temperature limits within 
which decay occurred were as follows: Rhizopus soft rot, 12.5° and 
36.5°; bacterial soft rot, 12.5° and 36.5°; Fusarium rot, 6.5° and 36.5°; 
Botrytis rot, 1° and 8°; and Penicillium rot, 6.5° and 36.5°. Penicil- 
lium rot occurred at only one temperature (19°) between 12.5° and 
36.5°, and mostly at 6.5° to 12.5°, inclusive. 

The market life of carrots, with reference to the development of 
diseases, increases as the temperatures are lowered below 36.5° C. 

A factor other than infection and decay that greatly limits the life 
of carrots at temperatures from 6.5° to 31° C. is sprouting. No 
sprouting occurred on roots stored at 36.5° for 12 days. Sprouting 
occurred at 31°, 24.5°, 21.5°, and 19° in 5 days; at 15.5° and 12.5° 
in 12 days; at 8° in 19 days; and at 6.5° in 27 days. No sprouting 
occurred at 1° and 2° in 113 days. 

The diseases that developed in the Danvers Half Long variety at 
one temperature or another during four different years of storage at 
temperatures ranging from 0°-2° to 15.5° C. were: Bacterial soft 
rot, black rot, Fusarium rot, Penicillium rot, Rhizopus soft rot, and 
Botrytis rot. This range of temperatures coincides approximately 
with the limits one might expect to find in common storage. 

The losses during five different years of storage of the Danvers 
Half Long variety at temperatures fluctuating between 0° and 2° 
ranged from 2 to 20 per cent. The relative humidities varied during 
the several seasons from 85 to 91 per cent and the storage periods 
from 50 to 201 days. 

A survey of the diseases that developed in 17 varieties of carrots 
stored at temperatures ranging from 0°-2° to 15.5° C. during the 
season 1926-27 and in most of the varieties during four other seasons 
showed that all the varieties were susceptible to Fusarium rot and 
to Penicillium rot in addition to the diseases discussed hitherto. 
No marked difference in susceptibility was found. 

No shriveling occurred in carrots stored at a temperature of 6.5° 
C. and at relative humidities of 90 and 95 per cent, whereas consider- 
able shriveling occurred at relative humidities of 70 and 80 per cent. 

The environmental conditions regarded as most favorable for 
storage of carrots are a temperature of 0° C. and a relative humidity 
of 90 to 95 per cent. 
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THE SPOILAGE OF DRESSED DUCKS BY SLIMINESS' 
By W. L. MALLMANN 


Research Assistant Bacteriologist, Department of Bacteriology, Michigan Agricultural 
Experiment Station 


INTRODUCTION 


A select and extensive market has been created for the sale of what 
the trade designates as green ducks, squab ducklings, or Long Island 
ducks. These ducks are from 5 to 10 weeks of age and weigh from 
3 to 5 pounds. The immaturity of their tissues renders them very 
soft and tender, with the result that they spoil rather rapidly, much 
more so than mature carcasses. 

When squab ducklings are shipped in crushed ice or ice water, very 
little spoilage results; but when they are shipped moist in containers 
which permit them to come in contact with the air, they become 
slippery, particularly beneath the wings. In extreme cases the entire 
carcass is covered with slime so thick that it is difficult to pick up 
the duck with the hands. Accompanying the slime formation is a 
markedly offensive odor. In the early stages decomposition is purely 
superficial and washing in a solution of sodium carbonate will remove 
all odor and slime. The skin, however, has a roughened appearance, 
which renders the duck unfit for market. The internal organs and 
other tissues do not show any decomposition or odor even in pro- 
nounced cases of sliminess. 

Slipperiness will develop in from one to two days even when car- 
casses are kept constantly at ice-box temperature (50° F.). Carcasses 
stored in meat-market ice-cooled refrigerators spoil with marked reg- 
ularity. Mechanical refrigeration at a temperature of 40° F. prevents 
sliminess but causes a drying out of the skin, which is accompanied 
by discoloration and cracking. The resulting product is as unmar- 
ketable as the slimy ducks, owing to the objectionable appearance of 
the carcasses. 

This type of spoilage first came to the attention of the writer when 
a Michigan packing plant began shipping ducks in individual cartons 
direct to the consumer. This plant had previously shipped its entire 
output in crushed ice without any evidence of slime formation. At 
the time that sliminess was observed in ducks shipped in paper car- 
tons, those shipped in crushed ice were free from this trouble. All 
the ducks were dressed in the same plant at the same time under 
identical conditions, the only difference in the preparation was in the 
mode of shipping. Further investigation revealed the fact that 
sliminess is of frequent occurrence in squab-duckling packing plants 
and, furthermore, that this condition never occurs when the ducks 
are shipped in crushed ice. 


' Received for publication Dec. 21, 1931; issued July, 1932. Journal article No. 86 (n. s.) from the 
Michigan Agricultural Experiment Station. 
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EXPERIMENTAL STUDIES 


Bacteriological examinations made from slimy ducks revealed sey- 
eral spore-forming bacilli. The predominating organism was a large, 
nonmotile, Gram-positive, spore-forming bacterium with a large cap- 
sule. The organism has all the characteristics of Bacillus mesentericus 
except motility. It appears to be either an undescribed form or a 
nonmotile variant of B. mesentericus. It was obtained in practically 
pure culture from the ducklings examined. 

In the killing plant cultures were made from all the tanks and tables 
in or upon which the ducks were handled. The same organism was 
isolated from each of the following places: The scalding tank (140° 
F.), plumping tank (212°), chilling tank (50°), ice-water tank, dress- 
ing tables, floor, feet of live ducks entering the plant, and shelves in 
ice chest. The organism was not found in the water supply used at 
the killing plant. 

To check further the significance of the organism as a causative 
factor in producing sliminess, five live ducklings from this plant were 
dressed at the college poultry plant, sterilized containers being used 
for scalding and cooling. The college dressing plant was completed 
shortly before this experiment was conducted, so all the equipment 
was new. In order to be sure that all contamination was excluded, 
the tanks were carefully cleaned with a strong solution of sodium 
hypochlorite, and 100 parts per million of chlorine in the form of 
sodium hypochlorite was added to the scalding water to destroy any 
organisms that might be present on the ducks. The method of dress- 
ing was exactly the same as that used at the duck-packing plant. 
After the ducks were dressed and cooled, two were immersed for five 
minutes in a suspension of the encapsulated organism. The remain- 
ing three were kept as controls. All the ducks were then placed in 
paper cartons and immediately stored in an ice-cooled refrigerator at 
a temperature of 50° F. A duck dressed in the packing plant was 
stored in the same refrigerator. Each day for a period of eight days 
the ducks were removed from the refrigerator and examined for slime 
formation. Within two days the duck dressed at the plant was too 
slimy to be marketable. On the sixth day the inoculated ducks were 
slippery under the wings, but the control ducks were free from spoil- 
age. On the eighth day the inoculated ducks were decidedly slimy, 
the slime then covering the entire carcass. An offensive odor was 
present. One of the controls was slightly slippery under the wings, 
but the other two were still quite normal The same organism was 
recovered from all the ducks that showed evidence of slime formation. 
The results obtained clearly indicate that the organism isolated is a 
causative factor in the production of sliminess and that the source of 
contamination is the utensils used in the dressing and cooling pro- 
cesses. Thus it appeared that a clean plant might solve the problem. 
Accordingly, means by which this might be accomplished were 
considered. 

The use of a chemical disinfectant appeared to be the best procedure, 
since the organisms apparently survive boiling, as indicated by their 
isolation from the plumping tank at a temperature of 212° F. A 
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disinfectant that would act in the presence of excessive quantities of 
organic matter was necessary; also it should have a Jow toxicity, as 
it would be undesirable to add any substance that would injure the 
food value of the duck. 

Sodium hypochlorite was finally selected because it meets these 
requirements and because of its adaptability and low cost. Since 
much dirt and contamination enter the scalding tanks, it was be- 
lieved that any attempt to use continuous disinfection in these 
tanks would not be feasible. Instead, a system of disinfection in 
the final ice-water storage tanks was attempted. In these tanks 
sodium hypochlorite in doses of 100 parts per million of available 
chlorine was added. Two tanks were used; one was treated with 
neutral sodium hypochlorite and the other with an alkaline sodium 
hypochlorite. The dressed ducks were stored in these tanks for ap- 
proximately 24 hours, after which they were removed, packed in 
cartons, and stored in an ice-cooled refrigerator. Untreated ducks 
were similarly stored as controls. The results of this experiment 
are presented in Table 1. 


TABLE 1.—Results of disinfecting dressed ducks in chlorinated ice water 


Condition of carcass after— 
Duck No. Treatment 


6 days 10 days 








Decidedly slimy and discolored Poor. 
? | REED IE 
.| Neutral sodium hypochlorite__.___.| Slimy and discolored______.- 
Alkaline hypochlorite. ._.....--- -| Excellent 
ae ‘GRR ee 
| Slimy and discolored 





At the end of six days, only one duck (No. 4) that was treated 
with neutral sodium hypochlorite was really marketable as a product 
of the highest quality. The control ducks (untreated) were unmar- 
ketable at the end of six days. At the end of 10 days all the ducks 
were unmarketable; however, the treated ducks were in better con- 
dition than the untreated ones. The experiment demonstrated that 
treatment with sodium hypochlorite in ice water will extend the 
keeping period but that it does not eliminate ultimate spoilage by slime 
formation. 

To determine the efficiency of hypochlorite for killing the organ- 
isms causing sliminess, a series of laboratory experiments was made 
in which a technic was used similar to that employed in determining 
the phenol coefficient of a disinfectant. Temperatures of 10°, 20°, 
and 37° C. were used with exposures of 1, 5, 10, 30, 60, and 120 
minutes. The culture was a 48-hour agar slant containing spores. 
Two series of tests were made, one with 0.1 cc of culture suspen- 
sion and the other with 0.01 cc of suspension. Three strengths of 
hypochlorite were used, namely, 25, 50, and 100 parts per minute 
of available chlorine. The weer are presented in Table 2. Only the 
data for 0.1 ce of culture suspension are given, since the results 
with 0.01 ce were the same. 
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TABLE 2.—Killing power of sodium hypochlorite as determined on a 0.1 c c culture 
suspension of the organism causing sliminess in dressed ducks 


Negative or positive results after exposure of— | 
‘Lempera- 
ture of 
exposure 


Available 
chlorine 10 min- | 30min- 60min- | 120 min- | 


| 
j a 5 i 2S 
1 minute 5 minates| utes utes utes utes 


1000 +444 
Priel t+ 
1) tt t+ 


iTULE Lees 


l 


+1+14++4+4+4++4+ 


! 


The data indicate that sodium hypochlorite in ice water at all 
strengths tested was ineffective during the periods of exposure used. 
At 20° and at 37° C. the chlorine was comparatively active, causing 
complete destruction of all vegetative cells and spores in five minutes 
or less. 

In a later examination of slimy ducks, three other organisms were 
isolated—a noncapsule-forming spore producer, a coccus, and a 
nonspore-forming rod. These organisms were selected because the 
odor of the cultures was identical with that found on the slimy ducks. 


Their resistance to chlorine was studied. The results are presented 
in Table 3. 


TaBLe 3.—Killing power of sodium hypochlorite as determined on three micro- 
, Y . 
organisms found on slimy ducks 
rr l 
| 


Negative or positive results after exposure of 
Con- | : 


, | Temper- | 
Culture No.¢ ature of | iro) | | | l 
| 5 min- | 10 min-| 15 min-| 20 min-| 30 min- 
| 


| exposure | | 1 min- 
} utes utes | utes utes utes 


| ute 
| 
| 


| 
| 
| 
| 
| 
| 
| 





tttttttttttt 
Bee eeee Se 


6 ~ - 
ccs - 


« Culture No. 1,a noncapsule-forming, spore-forming bacillis; No. 6, a Gram+micrococeus; No. 10, a 
Gram +nonspore-forming rods. 


The three organisms were readily killed by chlorine in ice water in 
concentrations of 25 p. p. m. of available chlorine. The fact that one 
of the organisms was a spore former indicates that chlorine does have 
a decided germicidal value at low temperatures, and that in spite of 
its inability to destroy all the capsulated spore formers present, it 
can reduce to a marked degree the amount of contamination carried 
on the surface of the duck. 

Although chlorine in the quantities used had no effect on the 
appearance of the ducks, a careful examination was made of ducks 
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after 24 hours’ immersion in 100 p. p. m. of available chlorine to deter- 
mine whether the chlorine had impaired their value as food. The 
treated ducks showed no injurious effects from the treatment. Never- 
theless, it was thought that a minimum amount of chlorine should 
be used. To determine what the minimum should be, experiments 
were conducted with small amounts of residual chlorine. When 
3.5 p. p. m. of available chlorine was used, all the culture tubes showed 
growth up to 30 minutes, the longest period of exposure employed. 
However, there was a decided reduction in the number of bacteria as 
evidenced by the bacterial counts. Apparently the most effective 
results were obtained with a minimum of 25 p. p. m. of available 
chlorine, which was sufficient for complete disinfection. 

A second method of control was attempted in which the ducks 
were immersed in a disinfecting or antiseptic solution of sufficient 
strength to assure a retention of the antiseptic substance on the duck 
until it reached the consumer. The disinfectant used had to be one 
free from objectionable odor and taste. Sodium hypochlorite, 
sodium borate, sodium salicylate, and sodium chloride were tried. 
The sodium hypochlorite when used in strong solutions produced a 
medicinal odor in the paper carton that would be objectionable to the 
consumer. The sodium borate and sodium salicylate were not suffi- 
ciently antiseptic to retard putrefaction materially; hence these 
compounds were discarded. Dipping the ducks in a saturated solu- 
tion of sodium chloride, however, eliminated the formation of slime. 
In this procedure the chemical is not used up by combining with the 
organic matter, as is the case with sodium hypochlorite. Instead, 
as the moisture evaporates from the surface of the duck, the salt 
becomes more concentrated and hence more active as an inhibiting 
agent. Sodium chloride, moreover, has no objectionable features 
as a food preservative. 

To determine the concentration of salt necessary to inhibit the 
growth of the bacteria, different quantities of sodium chloride were 
added to plain nutrient broth into which the various cultures were 
planted by adding a loopful of a 24-hour broth suspension. The 
results are presented in Table 4. 


TaBLe 4.—Inhibitive action of sodium chloride upon the growth of microorganisms 
causing slir:. formation in dressed ducks 


| 
| | 
Microorganism No. Control 


} Negative or positive resuits when 
using a concentration of salt of— 


| 2 per cent | 5 per cent | 10 per cent 
| | 


The above table shows that a concentration of 10 per cent of sodium 
chloride is necessary to suppress the development of the bacteria. 
That the action is purely inhibitive and not germicidal was demon- 
strated by making plate counts from these tubes at various intervals 
up to 20 minutes. Although counts were made from salt concen- 
trations of 2, 5, and 10 per cent, only the last are presented, as similar 
results were obtained with the 2 and 5 per cent concentrations. The 
data are shown in Table 5. 
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TaBLeE 5.—Effect of a 10 per cent solution of sodium chloride on the count of certain 
microorganisms causing slime formation in dressed ducks 


Control 
count ; | : . ‘ 
1 minute | 5 minutes | 10 minutes | 15 minutes | 20 minutes 





Count after exposure of— 
Microorganism No. | 


261 
186 253 
2 323 





It will be observed that no reduction occurred in the number of 
bacteria. In fact, there was an apparent increase, probably owing 
to the repeated shaking of the tubes at the time of sampling which 
caused a dispersion of clumps of bacteria. 


DISCUSSION 


As the data indicate, two methods of controlling slipperiness in 
squab ducklings may be used, namely, sanitation and preservation. 
The experiments demonstrate that the use of clean, sterile utensils 
with clean, sterile, scalding, plumping, and chilling waters will result 
in a product that develops sliminess very slowly, the period of delay 
being sufficient for the usual marketing. However, the maintenance 
of such sanitary conditions is not practicable in the usual killing 
plant and is prohibitive in cost, so it becomes necessary to use chemical 
preservatives along with economical and practical sanitary measures. 
It has been demonstrated that a disinfection of the carcass with 
sodium hypochlorite in the final ice-water storage tank materially 
lessens the amount of contamination and thus delays spoilage. A final 
dipping of the finished product in a concentrated salt solution results 
in covering the carcass with a thin film of salt brine that inhibits the 
growth of the slime-producing bacteria and thus prevents spoilage. 
In practice the treatment of the ducks by immersing in ice water 
containing sodium hypochlorite, followed by dipping in saturated 
salt brine just previous to packing for shipment, has given very 
satisfactory results. It may be that the antiseptic action of the 
salt brine is sufficient and that the addition of sodium hypochlorite 
to the storage tank is unnecessary. 


SUMMARY 


Slipperiness in squab ducklings is caused by bacteria. 

Four microorganisms were isolated from slimy ducklings. The 
chief microorganism involved in slipperiness is a spore-forming cap- 
sulated bacillus closely resembling Bacillus mesentericus. This or- 
ganism was found on all utensils and exposed surfaces in the killing and 
dressing rooms of the duck-packing plant investigated. 

Slime formation was induced by inoculating ducklings with pure 
culture of this organism. 

The addition to the storage tanks of 100 p. p. m. of available 
chlorine in the form of sodium hypochlorite delayed the formation of 
slime. 

Dipping the dressed ducklings in saturated salt brine stopped the 
formation of slime. 





EFFECT OF FERTILIZERS ON THE CHLORINE CONTENT 
OF THE SAP OF CORN PLANTS! 


By N. A. Perringer? 
Associate Agronomist, Virginia Agricultural Experiment Station 
INTRODUCTION 


In a recent paper (14)* the writer reported some preliminary results 
of an investigation which showed that the composition of the sap of 
corn (Zea Mays L.) plants was markedly affected by the addition of 
fertilizers to the soils on which the plants were grown. At the time 
these results were reported, the sap samples had been analyzed for 
nitrate nitrogen, total phosphorus, and total potassium only. In an 
effort to explain certain data obtained in the corn-sap studies now 
under way at the Virginia station, it seemed desirable to determine 
whether the various sap samples contained large, medium, or small 
amounts of some of the fertilizer constituents that are usually given 
minor consideration in the use of fertilizers. Accordingly, the sap 
samples were analyzed for the materials of interest. The purpose 
of the present paper is to present the data from these analyses that 
concern mainly the effect of chlorine-carrying fertilizers on the 
chlorine content of the sap of corn plants as found in a 4-year study 
under field conditions. 


MATERIALS AND METHODS 


The plants from which sap was extracted for this investigation were 
grown on the ‘‘rotation with fertilizer” plots at the Virginia Agri- 
cultural Experiment Station, Blacksburg, Va. Since a complete 
description of these plots and their management has been given in a 
previous report (1/4), only the more salient features will be repeated 
here. The experiment was started in 1909 on a Hagerstown silt loam 
soil of moderate fertility, and embraced four series of 13 plots each. 
These four series of plots, designated as A, B, C, and D, carry in rota- 
tion the following crops: First year, corn; second year, wheat; third 
and fourth years, hay (mammoth clover, redtop, and timothy). 
The kinds and the combinations of fertilizers applied to the various 
plots are indicated in Table 1. From 1909 to 1914, each fertilizer 
treatment was applied to the entire plot. In the latter year, however, 
all plots were divided in half. Since 1914, with the exception of farm 
manure, the quantity of fertilizer that was formerly applied to the 
entire plot has been applied to the south half of each plot, thereby 
doubling the former rate of application on this part of each plot, 
except the manure plots. From 1917 to the present time, the rates 
of application per acre have been as follows: Dried blood, 308 pounds; 
ammonium sulphate, 200 pounds; rock phosphate, 219 pounds; super- 
phosphate, 438 pounds; muriate of potash, 200 pounds; and manure, 


' Received for publication Dec. 28, 1931; issued July, 1932. 

? The writer is indebted to the Departments of Agricultural Chemistry and of Botany and Plant Path- 
ology for laboratory facilities in woking the chemical analyses reported in this paper. 
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16 tons once in four years, except plot 12, which received 4 tons 
annually. All applications were made annually except as noted other- 
wise. 

The sap samples were obtained from 15-inch sections of the stalks 
immediately above the surface of the soil. These sections were cut 
into small pieces approximately an inch in length, and subjected to a 
pressure of 6,500 pounds per square inch in a small Carver laboratory 
hydraulic press. The sap samples thus obtained in 1928 and 1929 
were clarified immediately with carbon black and then stored in a 
refrigerator at —7° C. until removed for analysis. The samples ob- 
tained in 1930 and 1931 were not clarified. A small amount of toluene 
was added to each sample to prevent fermentation. 

The samples were collected during the last week in August each 
year. In 1928, a second set of samples was taken during the last 
week in September. 

Chlorine content was determined as follows: 10 ¢ ¢ of sap were 
placed in an evaporating dish with 20 ¢ c of a 5 per cent sodium- 
carbonate solution, evaporated to dryness, ashed at a very low tem- 
perature, taken up with water, and filtered. The filtrate was then 
titrated with a standard silver nitrate solution in the presence of 
yellow light, potassium chromate being used as indicator. The titra- 
tions were made under a yellow light because the potassium-chromate 
indicator inparts a yellow color to the solution to be titrated and, 
hence, in order to sensitize the end point properly, it was desirable 
to have the solution and the light of the same or similar color and 
shade of color. A yellow 25-watt incandescent lamp was used as the 
source of light. When the chlorine analyses were first undertaken, 
considerable difficulty was experienced in getting the samples to ash 
completely at temperatures sufficiently low to prevent volatilization 
of the chlorides. This difficulty was overcome by moistening the 
incompletely ashed residue with water, redrying in an electric oven, 
and then returning the sample to the furnace. In some cases a second 
moistening was necessary for complete combustion. 


PRESENTATION, INTERPRETATION, AND DISCUSSION OF 
EXPERIMENTAL RESULTS 


EFFECT OF FERTILIZERS CONTAINING CHLORINE ON THE CHLORINE CONTENT 
OF THE PLANT SAP 


The results obtained in this investigation show a number of inter- 
estingrelations. (Table 1 and fig.1.) The most evident of these is the 
marked effect that chlorine-carrying fertilizers had on the chlorine con- 
tent of the plant sap. Considering for the moment only the 4-year 
averages for the samples collected in August, it will be found that 
the plots which have received no chlorine at any time during the 
experiment (except in crop residues) yielded saps containing less than 
0.20 mg of chlorine per cubic centimeter (200 parts per million). 
On the other hand, saps coming from plots which received muriate of 
potash annually, contained more than 1.60 mg of chlorine per cubic 
centimeter (1,600 p. p. m.), an increase of over 700 per cent. The 
manure plots yielded saps which contained between 0.50 and 1.10 mg 
of chlorine per cubic centimeter (500 to 1,100 p. p. m.). They were 
therefore distinctly intermediate between the saps from untreated 
plots and those from plots which received muriate of potash annually. 
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In most cases, the data from individual years do not deviate greatly 
from the averages just considered. It is evident from these data, 
therefore, that the application of chlorine-carrying fertilizers increased 
greatly the chlorine content of the sap of corn plants. 


TaBLe !.—Chlorine content of sap extracted from corn plants grown on plots receiving 


differeni fertilizer treatments 


[Values are in milligrams of chlorine per cubic centimeter of sap] 


Chlorine in sap extracted on 
Average | Average 
Plot No. Treatment? | | August all 
Aug. 29, | Sept. 28, | Aug. 30, | Aug. 30, samples | samples 
| 1928 1928 | 1929 1930 


| Mo | Mg | Mo | Mg Mg Mg 
Oo 
Ps | 
Oo 
N, Ps, K } 
Check 
N(ams), Pr--- 
9) ; 


0.14 0.14 | 


15 | 


05 "16 | | 


* Check, no treatment since 1909; O, no treatment since 1914; N, nitrogen from dried blood; N(ams), 
ni'rogen from ammonium sulphate; M, manure; Pr, rock phosphate; Ps, superphosphate; K, muriate of 
potash. 


» All plots on range D in 1928, range C in 1929, range B in 1930, and range A in 1931. 


The failure of the saps from the manure plots to contain as much 
chlorine as those from plots which received muriate of potash raises the 
question whether these differences in chlorine content might possibly 
be related to differences in the amounts of chlorine supplied by the two 
fertilizers. ‘The manure which has been used in the past on these 
plots has been produced by work horses kept at the experiment station. 
These animals are usually bedded with cereal straws and fed on various 
grass and legume hays. Van Slyke (19, p. 83) reports the chlorine 
content of oat straw as being 0.31 percent. This figure is presumably 
for air-dry straw, and it would be logical to expect fresh manure to 
show a much lower chlorine content when analyzed. This was 
confirmed by an analysis of four samples collected individually and at 
random from the manure now in storage at the experiment station 
barns, which showed chlorine contents of 0.13, 0.15, 0.18, and 0.18 
per cent, respectively, on the wet basis. The moisture content of 
the four samples was 72.4, 67.6, 67.5, and 68.3 per cent, respectively. 
On the basis of these analyses a ton of manure contains approximately 
3.2 pounds of chlorine. Since the manure was applied at the rate of 
16 tons per acre in four years, the plots received approximately 51 
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pounds of chlorine for each rotation. Muriate of ‘aaa aia 
annually at the rate of 200 pounds per acre supplied approximately 
375 pounds of chlorine in each 4-year period, nearly eight times as 
much as the manure furnished. It is clear from these figures that 
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FiGuRE 1.—Chlorine content of sap of corn plants as affected by fertilizer treatment 


the lower chlorine content of the saps from the manure plots was due 
to the smaller amount of chlorine supplied by the manure, and that 
the higher concentration in the sap from the muriate of potash plots 
was caused by the larger amount of chlorine supplied by the muriate. 
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It is also clear that although muriate of potash increased the 
chlorine content of the plant sap more than manure did, the increase 
is not proportional to the amount of chlorine applied. The saps 
from the muriate of potash plots contained about twice as much 
chlorine as those from the manure plots, but this increase is far from 
being directly proportional to the 375 pounds of chlorine supplied by 
the muriate per rotation as compared to 51 pounds supplied by 
manure. It is not possible to account for this difference on the 
basis of differential rates of utilization of chlorine within the plants, 
because this element enters into practically no organic compounds 
occurring naturally in plants except the anthocyanin pigments. 
Hence, the amount of chlorine assimilated by corn plants must be 
very small, and differential utilization would bring about only small 
differences. It is possible, however, that the large amount of chlo- 
rine supplied by the muriate may have exceeded the capacity of the 
corn plant to absorb and retain this element. In this event, applica- 
tions of chlorine larger than the amount necessary to extend the 
plant to its capacity in this respect, would effect no increase in the 
chlorine concentration of the sap. 


EFFECT OF DATE OF SAMPLING ON THE CHLORINE CONTENT OF THE 
PLANT SAP 


As previously pointed out, two sets of samples were collected in 
1928, the first during the last week in August and the second during 
the last week in September. The data in Table 1 show that in 16 
of the 23 comparisons the September samples contained more chlo- 
rine than the samples obtained from the same plots a month earlier. 


This indicates that in many of the plots chlorides continued to move 
into the plants until they were nearly mature. Similar results have 
been reported by Harris (3), who found that chlorides accumulated 
in the leaf-tissue fluids of cotton plants with the march of the season. 

It is of interest also to compare the September movement of 
chlorides in the various plots with their respective fertilizer treat- 
ments. Where no chlorine has been applied since 1914, 75 per cent 
of the total number of saps show a higher chlorine content in Sep- 
tember than in August. Where muriate of potash has been applied, 
however, 75 per cent of the total number of saps show a lower chlo- 
rine content in September. The saps from the manure plots show 
higher chlorine concentrations in the September samples. 

The increases in concentration of chlorine in the saps from the 
untreated and manure plots and the decreases in the saps from the 
plots which received muriate of potash are difficult to reconcile. In 
the case of increases, it is natural to assume that the plants continued 
to absorb chloride ions during September in such quantities as to 
accumulate an observable increase. It is possible, however, that a 
part of the increases in chlorine concentration was caused by (1) a 
loss of water during maturation, or (2) by the movement of chlorine 
into the stalk from other parts of the plant. Desiccation incident to 
maturation is not believed to have had much influence, for there 
appeared to be as much or more sap in the stalks in September than 
in August. Furthermore, no appreciable differences were observed 
in the time of maturity of the corn on the various plots. The move- 
ment of chlorine into the stalks from other parts of the plant, par- 
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ticularly from the maturing leaves, remains as a possible partial 
explanation, for it is well known that when plants ripen the salts 
held in the sap have a tendency to migrate from the dying to the 
living tissues. This possibility is strengthened by the fact that 
approximately nine-tenths of the chlorine in cereal plants is con- 
tained in the stem tissues (19, p. 83). 

The lower chlorine concentrations in the September samples where 
muriate of potash was applied may have resulted from one or more 
of three different causes. First may be mentioned the much disputed 
theory of the outward movement of materials from the plant back 
to the soil through the roots. For information concerning this theory, 
the reader is referred to a recent critical review by Thomas (17). 
Secondly, it is known that chlorine-containing compounds in plants 
occur not only dissolved in the cell sap, but also as deposits of definite 
crystals or amorphous compounds in the.cell protoplasm (1/6, p. 1145). 
If conditions within the plant during maturation become such as to 
increase the crystallization and precipitation of chlorine compounds 
and thus prevent their removal with the sap, the observed decreases 
in chlorine concentration of the September samples could be ac- 
counted for. In the third place, it has been shown by Le Clere and 
Breazeale (12) that from 40 to 75 per cent of the chlorine in various 
crop plants may be washed out by rains and returned to the soil. 
They point out further that this occurs to a greater extent during 
maturation than before. Since the rainfall on these plots during 
September was 6.62 inches, a part of the chlorine losses may have 
occurred in this way. 

Garner and his associates (/) found that a high chlorine content in 
the leaf of tobacco was accompanied by an increase in its water con- 
tent. James (1//) has recently observed similar increases in the water 
content of the leaves of potato plants where either muriate of potash 
or potash manure salts had been applied. If considered casually, 
these observations would seem to explain the lower chlorine concen- 
trations observed in the studies reported here by assuming that the 
concentrations were lowered through an increased absorption of water 
instead of a loss of chlorine. A close examination of Garner’s data, 
however, shows that where muriate of potash was applied the in- 
creases in water content are much smaller than the increases in 
chlorine content. James has reported no chlorine analyses, and 
hence it is not possible to determine the status of this relation in his 
studies. On the basis of Garner’s data, the hygroscopicity of chlor- 
ides can not explain the lower chlorine concentrations in the Septem- 
ber samples where muriate of potash was applied, unless it is assumed 
that (1) the capacity of the plants for absorbing chlorides had been 
completely satisfied during both August and September, and (2) 
that the increase in water content did not develop until September. 
Some indirect evidence has already been presented to support the 
first assumption, but the latter is unsupported and probably was not 
operative in the studies reported here. 


RESIDUAL CHLORINE 


It is interesting to note from Figure 1 that although the saps from 
the untreated ends of plots 3, 5, 6, and 7 contained less chlorine than 
the saps from the manure and muriate of potash plots, they contained 
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more chlorine than the saps from check plots. As previously stated, 
these four plots received 100 pounds of muriate of potash per acre 
annually from 1909 to 1914. In 1914 they were divided into halves 
and the fertilized halves have since received the same amounts of 
fertilizer as previously applied to the entire plot, making the rate of 
application for muriate of potash 200 pounds per acre since 1914. 
The unfertilized halves have received no fertilizer since 1914. In 
view of the marked effect that muriate of potash exerted on the chlor- 
ine content of the plant sap when applied annually from 1909 to 
1931 inclusive (fig. 1), it is evident that the saps from the untreated 
ends of plots 3, 5, 6, and 7 show the residual effects of the muriate of 
potash applied from 1909 to 1914. The saps from these plots also 
show the residual effects of the potassium applied in the muriate of 
potash (14, Table 2). 

The saps from the untreated ends of plots 10, 12, and 13, which 
received farm manure from 1909 to 1914 but nothing since the latter 
date, show no residual effects of the chlorine supplied by the manure 
approximately 15 years ago. In fact, the saps from these plots con- 
tained slightly less chlorine than most of the check plots. These 
data, therefore, seem to be at variance with the generally accepted 
belief that organic fertilizers, especially farm manures, have residual 
effects of longer duration than do inorganic fertilizers (13, p. 614; 
20, p. 221). It must be kept in mind, however, that the manure 
supplied less than one-third as much chlorine as the muriate of potash 
supplied. Furthermore, the manure plots have consistently returned 
the highest crop yields, and therefore have manifested a larger demand 
for chlorine than the other plots. Hence, the larger demand for 
chlorine occurred on the plots to which the smaller amounts were 
formerly applied. Over the intervening period of about 15 years 
this appears to have been sufficient to exhaust the chlorine which 
remained as residual material when the manure treatment was dis- 
continued on these plots. 

The annual yield data from the plots which formerly received muri- 
ate of potash show a strong tendency for the residual chlorine to be 
inversely proportional to crop growth. (Fig. 2.) The yielding power 
of these plots has thus far been determined largely by the degree of 
fertilization, i. e., whether a complete fertilizer was applied or one 
carrying but one or two of the three major fertilizer constituents, 
nitrogen, phosphoric acid, and potash. In general, the plots which 
have received but one constituent have given the lowest yields; those 
which have received two constituents have returned fair yields, while 
the plots which have received a complete fertilizer have given the 
highest yields. Of the plots showing residual chlorine, plot 3, which 
received a complete fertilizer from 1909 to 1914, shows the least resid- 
ual effect. This plot has a crop yield index of 142 since 1914. Plot 
6, on the other hand, which formerly received muriate of potash only, 
has a yield index of only 104 and shows the strongest residual effect. 
Plots 5 and 7, each of which formerly received fertilizers carrying 
two of the three major constituents, show intermediate residual effects. 
The yield index of 125 for plot 5 is also intermediate, but the index 
of 101 for plot 7 is low. On the whole, these data show that the 
more complete fertilization previous to 1914 has caused greater crop 
growth since fertilization was discontinued, which, in turn, resulted in 
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a heavier withdrawal of the soil’s supply of chlorine and therefore a 
weaker residual effect. Poor fertilization caused inferior crop growth, 
less absorption of chlorides, and therefore a stronger residual effect. 


THE CHLORINE : POTASH RATIO 


Garner and his associates (1) have recently reported that where 
muriate of potash is used on tobacco, the plant contains approxi- 
mately as much chlorine as potash. They attach considerable sig- 
nificance to the chlorine: potash ratio because the potassium occurring 
in the form of chloride is not available for the formation of salts of 
organic acids, except as replaced by other metals. This is apparently 
important in tobacco because a high chlorine content as well as a low 
content of potash salts of organic acids both have an unfavorable 
effect on the burning quality of the tobacco leaf. 
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FIGURE 2.—Inverse relationship between crop yields and chlorine content of sap of corn plants 
grown on plots showing residual effects of chlorine applied approximately 15 years ago 
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Although the physiology of the corn plant is probably very differ- 
ent from that of the tobacco plant in relation to the development of 
qualities that are of importance in the crop, it may be of interest to 
compare the amounts of potash and chlorine occurring in the sap of 
corn plants and to determine the effect of various fertilizers on the 
chlorine: potash ratio. Accordingly, the ratios have been calculated 
and are given in Table 2. It is immediately clear from the data that 
there is much less chlorine than potash in the sap of corn plants. 
Nearly all of the 1929, 1930, and 1931 ratios lie between 0.1:1.0 and 
0.3:1.0, which means that in these three years there was from 10 to 
30 per cent as much chlorine in the sap as there was potash. The 
ratios for 1928 are comparatively high for some reason, many being 
as high as 0.4 and 0.5. 
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TaBLe 2.—Ratio of chlorine to potash in the sap of corn plants grown on plots 
receiving different fertilizer treatments 


Ratio of chlorine to potash when potash 
equals 1 


Plot No. Treatment ¢ 


Aug. 29, Aug. 30, Aug.30, Aug. 27, 
1928 1929 1930 1931 


0.16 
15 
. 23 
. 26 
-10 
. 20 
. 25 


14D) ‘07 ‘04 


«Check, no treatment since 1909; O, no treatment since 1914; N, nitrogen from dried blood; N(ams), 


nitrogen from ammonium sulphate; M, manure; Pr, rock phosphate; Ps, superphosphate; and K, muriate 
of potash. 


> All plots on range D in 1928, range C in 1929, range B in 1930, and range A in 1931. 


Concerning the effect of fertilizer treatment on the proportion of 
chlorine to potash in the sap, the ratios are not entirely consistent. 
In general, the effect of manure was to lower the chlorine: potash 
ratio. If sap composition is assumed to be an index of the supply 
of available nutrients in the soil (1/4), this indicates that manure 
supplied the plants with more potash than chlorine. Mauriate of 
potash, on the other hand, usually increased the proportion of chlo- 
rine to potash. The increases are relatively small, however, in view 
of the fact that chlorine and potassium were added in approximately 
equal amounts. 

Attention has already been called to the fact that Garner and his 
associates (1) found as much chlorine as potash in the stalks and 
leaves of tobacco plants where muriate of potash was used in the 
fertilizer. Where no muriate was used, the proportion of chlorine 
to potash was similar to the ratios given in Table 2. Since the 
chlorine: potash ratios reported here for corn sap do not even re- 
motely approach the proportions of 1:1 where muriate of potash 
was used, it would seem that as compared to tobacco the corn plant 
has a very limited capacity for absorbing and retaining the chloride 
ion. It must be kept in mind, of course, that Garner’s data were 
obtained from analyses of dehydrated stalk and leaf tissues, and that 
the ratios reported here represent only the sap fraction that is extract- 
able at 6,500 pounds of pressure per square inch. However, the 
quantities of potassium and chlorine present in the expressed sap 
probably give a fair estimate of their relative abundance in the plant, 
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because it is well known that although these elements enter into 
organic combinations to some extent in the plant, they generally 
remain dissolved in the cell sap and are therefore subject to extrac- 
tion with this part of the plant. These differential capacities of corn 
and tobacco for absorbing chlorides from the soil solution are un- 
doubtedly characteristic of the two species of plants and inherent in 
them. Harris and his associates (5, 6, 8) found that Egyptian cottons 
have a larger capacity for absorbing chlorides than do upland cottons. 
Upon crossing these two types of cotton, they found this character 
to be heritable; the F, progeny were intermediate and the F, progeny 
showed segregation for the ability to absorb selectively either chlo- 
rides or sulphates. 


RELATIVE ABSORPTION OF CHLORIDE AND SULPHATE IONS 


A number of investigators have shown that plants absorb the 
chloride ion much more readily than the sulphate ion. Reference to 
such work will be limited here to the controlled culture work of 
Hoagland (9) and Hoagland and Martin (/0) at the California sta- 
tion and to the extensive field experiments of Garner and his asso- 
ciates (1) in the United States Department of Agriculture. The 
results obtained by these men, as well as those of many others, show 
that the greater absorption of the chloride ion is not limited to a 
few species of plants, but is quite common throughout the plant 
kingdom. The only exception that has come to the writer’s attention 
is the larger sulphate content found by Harris and his associates 
(4, 5, 8) in the leaf-tissue fluids of cotton plants grown on alkali 
soils in Arizona. 

In order to learn whether the general experience of other workers 
concerning the relative absorption of chloride and sulphate ions was 
true of the corn plant, an attempt was made to determine the sulphate 
content of the sap samples gravimetrically. It was soon found, how- 
ever, that the saps contained such small amounts of sulphates that 
it would be impossible to make quantitative determinations unless 
large samples were used. Even the saps from the treated end of 
plot 4, where 200 pounds of sulphate of ammonia have been applied 
annually since 1914, were practically devoid of sulphates. Previous 
analyses for other materials consumed nearly all the sap available, 
and since neither nephelometric nor micro equipment suitable for 
determining small amounts of sulphate was available, it was im- 
possible to make quantitative estimations of the sulphate content 
of the various sap samples. It is clear from this experience and from 
the fact that 10 ¢ ¢ of sap was sufficient to ascertain the chlorine 
content of the samples, that the chloride ion is much more abundant 
in the sap of corn plants than is the sulphate ion. It is well known 
that some of the sulphur contained in sulphates is transformed into 
certain proteins and glucosides within the plant, but it is very im- 
probable that such utilization would account for the large differences 
observed in the chloride and sulphate content of the saps from the 
various plots. The relative ease with which muriate of potash and 
farm manure increased the chlorine content of the sap and the failure 
of sulphate of ammonia to increase the sulphate content appreciably, 
makes it quite clear that corn plants absorb the chloride ion much 
more readily than the sulphate. 
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This differential absorption of chlorides and sulphates is undoubt- 
edly dependent on (1) the structure, chemical composition, and pore 
spaces of the root-absorbing surfaces, and (2) on the degree of hydra- 
tion, ionic volume, and degree of dissociation of salts (18). Concern- 
ing the latter, it should be noted that the physical and chemical 
properties of the two ions are distinctly different. Thus, it is well 
known that the chlorides are not only more soluble than the sulphates, 
but also that they dissociate to a greater degree. Furthermore, the 
sulphate ion is approximately three times heavier and larger than the 
chloride ion. Chloride ions therefore have a greater diffusion 
velocity than sulphate ions, and, being smaller in volume, have less 
difficulty in passing through the pore spaces of the root-absorbing 
membranes. These differences between the two ions are magnified 
still more by their differential degrees of hydration, for most sulphates 
attract and hold more molecules of water than chlorides do. This 
increases the weight and volume and decreases the diffusion velocity 
of the sulphate ions to a greater extent than for the chloride ions, and 
imposes a greater handicap on the former than on the latter in passing 
through the root membranes. It is clear, then, that such influences 
as solubility, degree of dissociation, ionic volume, and degree of 
hvdration, are all more favorable to the absorption of chloride ions 
than sulphate ions. Nevertheless, it is unlikely that these differences 
in the chemical and physical properties of the two ions alone can 
account for their differential absorption by plants, for Stiles (15) was 
unable to show any correlation between the rates of diffusion of sul- 
phate and chloride ions into gels and into living cells. It is now 
generally recognized that the structure and chemical composition of 
the cell membranes must be taken into consideration as well as the 
physical and chemical properties of the ions. 

The rate of absorption of chlorides and sulphates from soils of pH 
5.5 to 7 corresponds to their relative positions in the Hofmeister 
series for anions, which, in descending order of mobility, is OH >I, 
Br> NO;>Cl>HPO,, SO, (2, 18). 


HYDROGEN-ION CONCENTRATION OF SAP AS AFFECTED BY CHLORINE CONTENT 


In a previous report (14, p. 108) on the corn-sap studies now under 
way at the Virginia station, attention was called to a fairly close 
relationship between the acidity of the expressed sap and potassium 
fertilization. In general, the saps from plots where muriate of potash 
had been applied were most acid (below pH 5.40), those from the 
manure plots were somewhat less acid, while those from plots where 
no potash materials had been added were least acid. If these obser- 
vations are correlated with the chlorine concentrations in the sap 
(Table 1), it will be found that there is a positive relation between 
(1) the amount of chlorine supplied by the fertilizer, (2) the chlorine 
content of the expressed plant sap, and (3) the hydrogen-ion con- 
centration of the sap. The saps from the plots which received 
muriate of potash were more acid than the others because the large 
amount of chlorine supplied by the fertilizer caused a large accumula- 
tion of chloride ions within the plant. Manure supplied less chlorine, 
caused a smaller accumulation of chloride ions within the plant, and 
a lower degree of acidity. Where no chlorine was applied in the 
fertilizer, there was little accumulation of chloride ions within the 
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plant, and the expressed sap was still lessacid. It is clear, then, that 
because of the relative ease with which the corn plant absorbs and 
accumulates chloride ions, the amount of chlorides at its disposal is 
one of the important factors governing the reaction of the cell sap. 
The soil’s supply of sulphates, on the other hand, apparently plays 
very little part directly in determining the reaction of the sap of corn 
plants, because of the difficulty with which this ion is absorbed. 

The observations reported here with reference to a positive cor- 
relation between hydrogen-ion concentration and chlorine content 
of the sap of corn plants are in accord with those of Harris and his 
associates (7, 8), who found that the leaf-tissue fluids of Egyptian 
cottons have a higher chlorine content and are more acid than those 
of upland cottons. 


SUMMARY AND CONCLUSIONS 


The use of fertilizers containing chlorine increased the chlorine 
content of the sap of corn plants. The increase is partially propor- 
tional to the amount of chlorine supplied by the fertilizer. 

Many of the sap samples contained slightly more chlorine in Sep- 
tember than in August. Where muriate of potash had been used, 
there was a slight decrease in chlorine content during September. 

Chlorine added in muriate of potash approximately 15 years ago is 
still exerting a residual effect on the chlorine content of the plant sap. 
There is a tendency for this residual effect to be inversely proportional 
to crop yields. 

The chlorine supplied by manure 15 years ago is exerting no residual 
effect at present. 

The sap of corn plants contains approximately one-fourth as much 
chlorine as potash. Muriate of potash increased the chlorine: potash 
ratio slightly, while manure lowered it slightly. 

Fertilizers containing sulphur failed to cause an appreciable accu- 
mulation of sulphate ions in the sap of corn plants. 

Corn plants absorb the chloride ion much more readily than the 
sulphate ion. 

As the chlorine content of the sap increases, the hydrogen-ion 
concentration increases also. 
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